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Summary 
The three phase permanent magnet synchronous generator with full scale converter 
arrangement has gained significant market share in win energy turbine topology.  This is 
because of the advancement in production of superior magnetic properties and steady decline 
in price of the magnets. Permanent magnet synchronous generators are of compact in size and 
light in weight. They become attractive for offshore wind application. But offshore wind 
energy system has to be not only light weight and compact in size but also reliable operation. 
The majority of failures of wind turbines are the electrical systems. To increase the reliability 
of the ordinary three phase wind energy system, a six phase wind energy system is proposed: 
a six phase permanent magnet synchronous connected to six leg converter.    
To harness the maximum energy from the wind, the viable option is using variable speed 
wind turbine. Variable speed operation of drive is achieved by suitable control of generator-
converter system. 
This project deals with the design, simulation and implementation vector control of six phase 
permanent magnet synchronous generator-converter system.  Step by step approach is used to 
tackle the problem. First the dynamic modeling of six phase permanent magnet in different 
references frames is studied. Then the time average and switching model of a six leg 
converter is presented. The different modulation technique of six leg converter is studied. Last 
the design or tuning of control parameters for the speed and current controllers are done.  Dc 
link voltage control design is also done. 
After having the theoretical base, the majority of the work is done in preparation of laboratory 
setup, understanding of FPGA platforms and fighting with sporadic practical problem. 
Finally, it is of great personal success to be able to model, and control in the laboratory  a low 
speed Non Standard Six Phase PMSG having 33.27 degree separations between the phase 
groups.  
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1    Introduction  
In  this chapter brief  introduction about wind energy  trends and  technology; 
off  shore wind  energy  and  its  potential  to  support  green  power  and  green 
house gas emission reduction. The problem description and related literature 
review history  is discussed.  The  scope and  limitation of  the project work  is 
also revealed. 
1.1  Wind Energy System  
The ambition to tackle climate and energy crisis boosts the utilizing and market growth of 
renewable energy   sources. To mention, the European Union has set a binding target of 20% 
of its energy supply to come from renewable resources by the year 2020. To meet this target, 
more than one-third of European electrical demand needs to be renewable, and wind power is 
expected to deliver 12% to 14% (180 GW) of the total demand. Thus wind energy will play a 
leading role in providing a steady supply of indigenous and green power [1]. 
The annual installed capacity of wind is increasing fast. As it can be seen in Figure 1-1, the 
installed wind capacity is more than doubling every third year.  
 
 
Figure 1‐1 World Total Wind Power Installed Capacity in MW, [2] 
The long term benefits of wind energy are enormous if environmental factors are considered 
in the light of increasing pollution by the use of fossil-fuels, for example the Gulf of Mexico 
oil spill in 2010 is a recent witness. 
Based on the average energy mix of the European Union, it is assumed that  1  TWh  of  wind  
power  displaces  0.667  Mt of  CO2. 
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The Wind Power 
The wind power captured by the turbine ௧ܲ is given by  
  ௧ܲ ൌ 12ܥ௣ሺߚ, λሻߩܣݒఠଷ   (1.1) 
Where, ܥ௣ is the power coefficient, ߚ is pitch angle, λ is tip speed ratio  ρ is the air density, A is 
the area swept out by the turbine blades and ݒఠ is wind speed. 
 
Figure 1‐2 Wind Power, Turbine Power and Rotor speed in different operating regions 
In region I the wind speed is too slow to derive the turbine and produce valuable energy.  The 
cut-in speed is 4-5 m/s in modern wind turbines. 
When the wind speed is above the cut-out speed, 22-25m/s, the turbines must stop operation to 
prevent overloads and damage to the turbine’s components. 
In region III, the wind speed is strong enough to produce the rated or maximum power. Pitch 
control mechanism is used to keep output turbine power constant. 
In Region II the turbine has to operate at the maximum possible efficiency by adjusting the 
speed of the generator. Generally two basic schemes of wind turbine control system can be 
considered.  
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Fist method is constant tip-speed ratio scheme. It is based on the fact that the maximum 
energy is extracted from the wind when the optimal tip speed ratio is achieved. The rotor 
power coefficient as a function of tip speed ratio and pitch angle is shown in Figure 1-3. 
 
Figure 1‐3 Power coefficient as function of λ and β 
Second method is Maximum Point Power Tracking (MPPT) scheme. It is based on the fact 
that the power versus speed curve has a single well defined peak , dP dw⁄ ൌ 0. This scheme is 
insensitive to errors in wind velocity measurement [3]. 
Therefore, region II is the main interest of this project: to insure the maximum power transfer 
from the wind (offshore) to grid by controlling the wind generator.  The vector control 
method is used for the control purpose. 
1.2  Offshore Wind  
Offshore wind farms offer significant energy production advantages over onshore farms with 
respect to wind quality and available area of deployment. Wind traveling over large bodies of 
water tends to be more uniform with higher velocity than onshore wind, which encounters 
obstructions such as forests that create eddy currents. The consistency and quality of offshore 
wind makes it relatively easy for utility operators to predict and manage. However, there are 
big both technological and financial challenges to put wind turbines out on a sea and to 
integrate them to the grid.  
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The offshore wind industry is flourishing. European Wind Energy Association statistics   
show that on average in 2008, over 1 MW was installed per day, reaching a total of 1,471 
MW worldwide by the end of the year, shown in Figure 1-4 
 
Figure 1‐4 Annual and Cumulative installed offshore capacity in Megawatts (MW), [4] 
There are over 100 GW of offshore wind projects already being planned. These projects 
would produce  10%  of  the  EU’s  electricity  whilst  avoiding  200  million tones of CO2  
emissions each year. EWEA  has  a  target  of  40  GW  of  offshore  wind  in  the  EU  by  
2020  and  150  GW  by  2030 [4]. 
1.3  Problem Description 
The three phase permanent magnet synchronous generator with full scale converter 
arrangement has gained significant market share in win energy turbine topology.  This is 
because of the advancement in production of superior magnetic properties and steady decline 
in price of the magnets. Permanent magnet synchronous generators are of compact in size and 
light in weight. Permanent magnet synchronous generators are also more stable in normal 
operation range and they do not need external excitation.  All these make them attractive for 
offshore wind application.  
But offshore wind energy system has to be not only light weight but also reliable. The 
majority of failures of wind turbines are known to be the electrical systems. To increase the 
reliability of the ordinary three phase wind energy system, six phase wind energy system is 
proposed as shown in Figure 1-5.  
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Figure 1‐5 Proposed topology 
Besides their reliability, Six phase machines with asymmetric arrangement have many 
advantage over three phase machines; such as lower torque ripple, lower dc link current(lower 
capacitance),  and lower total harmonic. By selecting special control and switching technique 
of the converter, stator losses of the generator and dc link current can further be reduced.  
The objective of this project is to design, simulate and implement the vector control six phase 
permanent magnet synchronous generator connected to six-leg converter. Six-leg converter is 
equivalent to having two three phase converters connected to a common dc link.  
1.4  Literature Review 
In the late 1920’s, the limitations in the circuit breaker capabilities and the needs of enormous 
to limit fault current brought to birth of multiphase machines [5]. In 1930, the theory and 
design limitations of dual stator winding generators were presented [6]. Later, Robert [7] had 
shown that stray losses due to phase harmonics can be materially reduced by means of two 
separate stator windings displaced 300 from each other. 
In 1973, Fuchs and Rosenberg [8] presented the mathematical model of dual stator winding 
separated by any arbitrary angle using the dual orthogonal transformation. In the same year,[9] 
the use of multiple inverters connected to a multiphase machine with appropriate winding 
displacements showed significant improvement in system performance compared to three 
phase converter feed induction machines. Later inverter fed multiphase induction machines, 
six phase synchronous machines with AC and DC connection, and inverter fed synchronous 
motors were introduced[11]-[13].  
The development of power electronics devices and the advancement in DSP modules boomed 
the study and research on the multiphase machines. Multiphase machine drives has been used 
as in Electric Vehicles (EV), hybrid EV, aerospace, ship propulsion, and high-power 
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applications in which the requirements are not cost oppressive when compared to the overall 
system [14]. Levi [15] did a thorough survey related to Multiphase drives in various 
subcategories including the application of Multiphase machines for power generation. 
Multi phase PMSG for large power applications had not obtained much attention because of 
the high price and the lower quality of magnetic materials. It has now turned out with steady 
decrease in the price of the magnet and by the technology advancement which brings very 
high quality magnetic material. 
In [16] parallel connection of converters to multiphase PMSG with a modular way was 
investigated to allow the use of classical converters.  The control of multiphase PMSG for 
wind was also presented in [17] when the two set of three phase windings are controlled 
independently by using two independent converters. 
In this paper, the control of multiphase machine is simulated using space vector 
decomposition technique so that two set of three phase windings are controlled together using 
one six phase converter. This helps to reduce the number of controller to be used, to improve 
the total harmonic distortion and to reduce the current ripples. In addition, using one six leg 
converter gives additional degree of control freedom which can be used either for loss 
minimization. But because the complexity of vector space decomposition, this modulation 
method is done one space vector modulation for the two converters is used. 
1.5  Scope and Limitation of the Work 
Scope of the work includes 
o Modeling and simulation of six phase generator and converter 
o Vector control or Field Oriented Control of six phase PM machine  
o Dc link voltage control 
o Implementation  and laboratory test of vector control of  the generator  and dc link 
voltage control 
Limitations:  
o Wind turbine model is not included.   
o Grid side converter is not studied 
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1.6  Report Layout  
For the implementation of the control of six-phase PMSG the project is organized as follows 
Chapter1- shows the general fact of wind energy system, offshore wind energy and literature 
review about multiphase machines 
Chapter 2- deals with modeling of six phase generator in synchronous rotating frame 
Chapter 3- deals with converts and modulation scheme for ordinal and six- leg converter 
Chapter 4- is about the control, which combines the modeling of generator and converter; 
different control modes and dc link control 
Chapter 5 – describes experimental setup. 
Chapter 6- in this chapter, controllers are designed, simulated and implemented in the 
laboratory and the results are presented 
Chapter 7-concludes the report with recommendations for further work 
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2    Multiphase PMSG  
In  this  chapter  dynamic  modeling  of  six  phase  permanent  magnet  synchronous 
machines are discussed. The physical parameters of the machine in stationary stator 
reference frame are given. Next, the modeling of the machine in synchronous rotating 
reference frame is studied. The two phase component transformation or vector space 
decomposition modeling of the machine is presented.  
 
2.1  Introduction 
The permanent magnet synchronous machine is a regular synchronous machine where the DC 
excitation is replaced by permanent magnets. Excitation losses may reach up to 5% in small 
machines [18].Having permanent magnets in the rotor circuit. These losses in the rotor are 
eliminated.  The PMSG has a smaller physical size, higher reliability and power density per 
volume ratio. Because of these advantages, the PMSG are becoming an interesting solution 
for wind turbine applications. However, the drawback of the PMSGs is their lack of voltage 
control because of their constant excitation. Therefore, there have to be converters to support 
voltage control for PMSG. But for variable speed wind turbine operation it is inevitable to use 
converters for grid integration and have already been a standard. 
Based on the rotor construction, PMSG can be either surface mounted permanent magnet 
synchronous generators SPMSG or interior mounted permanent magnet synchronous 
generators IPMSG.  Interior mounted rotor is built with the magnets inserted in cavities in the 
rotor structure. This creates saliency which results in reluctance torque component. 
Based on the magnetic flux orientation, PMSG can be group as a radial flux and an axial flux 
machine. Radial flux machine is constructed by placing stator around the rotor in such a way 
to produce radial directed flux. In axial flux machine, the stator and the rotor are placed such 
that the air gap is perpendicular to the direction of rotation there by the main flux crosses the 
air gap in axial direction of rotation. Only Radial flux PMSG is studied here. 
Based on the arrangement of stator windings, PMSG can also be divided as distributed 
winding and concentrated winding.  The generator that is available in the laboratory is 
concentrated winding machine, therefore the modeling and control focus on this type of 
machine.  
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Based on the number of phases, machines in general can be two phase, three phase or 
multiphase (greater than three).  Three phase machines have been studied for long time and 
are widely available in numerous applications.   
Multi phase machines provides several advantages such as  
o Reduced amplitude and increased frequency of pulsating torque 
o Lower current per phase for the same rated voltage 
o Lower dc-link current harmonics converter fed system  
o Higher reliability and  
o Higher degree of freedom  
The six phase synchronous machine has two identical stator windings which are assumed 
balanced star connected. Commonly, the two sets of winding can have a phase shift of 0, 30 
and 60 degrees. Zero degree phase shift is exactly similar to three phase system.  Sixty degree 
phase shift forms symmetrical arrangement and can be reduced to three phase system because 
two phases of different stars are always collinear. Thirty degree phase shift forms 
unsymmetrical arrangement which cannot be further simplified. The thirty degree phase shift 
arrangement is optimal with respect to voltage harmonic distortion and torque pulsation [7]. 
Therefore, thirty degree phase shift between star connections has been preference 
arrangement and also in this project. But, the actual machine used for implementation in the 
laboratory has 33.2725 degree separation between the two three phase groups.  
2.2  Modeling Assumptions and Physical Parameters  
In developing the mathematical model the following assumptions are made: 
o The set of three-phase stator winding is symmetrical. 
o The capacitance of all the windings can be neglected. 
o  Each of the distributed windings may be represented by a concentrated winding. 
o The change in the inductance of the stator windings due to rotor position is sinusoidal 
and does not contain higher harmonics. 
o  Hysteresis loss and eddy current losses are ignored. 
o The magnetic circuits are linear (not saturated) and the inductance values do not 
depend on the current. 
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The arrangement of the windings of the machine is represented by their axis of flux lines as 
shown in Figure 2-1. 
 
Figure 2‐1 Six‐phase machine windings axis of flux lines 
Mathematical model of six phase machines, like any other machine, can be started from the 
basic the stator voltage equation which is given in matrix form as 
  [ ௦ܸሿ ൌ ሾܴ௦ ሿሾܫ௦ሿ ൅ ௗሾ ఒೞሿௗ௧ (2.1)
Where, ሾ ௦ܸሿ ൌ ൣ ௔ܸ   ௕ܸ   ௖ܸ   ௫ܸ   ௬ܸ   ௭ܸ ൧், ሾܫ௦ሿ ൌ ൣܫ௔ ܫ௕  ܫ௖  ܫ௫  ܫ௬  ܫ௭ ൧், ሾߣ௦ሿ ൌ ൣߣ௔  ߣ௕  ߣ௖  ߣ௫  ߣ௬  ߣ௭ ൧் 
are stator voltage, stator current and stator flux linkages of machine respectively, and   the 
stator resistances are given ሾܴ௦ሿ ൌ ݀݅ܽ݃ൣܴ௔  ܴ௕  ܴ௖  ܴ௫  ܴ௬  ܴ௭ ൧் 
For magnetically coupled stator windings, the stator linkage flux is the sum of all fluxes 
around it.  This is represented by the following matrix equation: 
  ሾߣ௦ሿ ൌ ሾܮ௦ ሿሾ ܫ௦ ሿ ൅ ሾߣ௦௉ெሿ (2.2)
ߣ௦௉ெ is the flux linkage of the Permanent Magnet (PM) which links the stator windings can be 
written as: 
  ሾߣ௦௉ெሿ ൌ ߣ௉ெ ൤ܿ݋ݏߠ௥   ܿ݋ݏ ൬ߠ௥ െ 2ߨ3 ൰  ܿ݋ݏ ൬ߠ௥ ൅
2ߨ
3 ൰ ܿ݋ݏ ቀߠ௥ െ
ߨ
6ቁ ܿ݋ݏ ൬ߠ௥ െ
5ߨ
6 ൰ ܿ݋ݏ ൬ߠ௥ െ
3ߨ
2 ൰൨
்
  ሺ2.2.1ሻ 
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Where ߣ௉ெ the permanent magnet flux linkage, and  ߠ௥ is the angle between magnetic axis of 
phase and rotor as shown in Figure 2-1. 
The inductance matrix ܮ௦  includes the self inductance and the mutual inductances of all the 
stator windings, and is given by 
  ሾܮ௦ ሿ ൌ
ۏ
ێێ
ێێ
ێ
ۍܮ௔௔ ܮ௔௕ܮ௕௔ ܮ௕௕   
ܮ௔௖ ܮ௔௫ܮ௕௖ ܮ௕௫
ܮ௔௬ ܮ௔௭
ܮ௕௬ ܮ௕௭
ܮ௖௔ ܮ௖௕ܮ௫௔ ܮ௫௕   
ܮ௖௖ ܮ௖௫ܮ௫௖ ܮ௫௫  
ܮ௖௬ ܮ௖௭
ܮ௫௬ ܮ௫௭ 
ܮ௬௔ ܮ௬௕
ܮ௭௔ ܮ௭௕   
ܮ௬௖ ܮ௬௫
ܮ௭௖ ܮ௭௫
ܮ௬௬ ܮ௬௭
ܮ௭௬ ܮ௭௭ ے
ۑۑ
ۑۑ
ۑ
ې
    (2.3)
In the case of salient pole machine, the self-inductance of each stator phase winding will 
reach a maximum value whenever the rotor d-axis aligns with the axis of the phase winding 
because the reluctance of the linkage flux path is minimum. This minimum reluctance 
condition occurs twice during each rotation of the rotor so that the stator self-inductances are 
represented by a constant component and a single periodic component, the higher harmonics 
neglected [19]. As of the form 
 
ܮ௜௜ ൌ ܮ௟ ൅ ܮଵ ൅ ܮଶ ܿ݋ݏሺ2ߠ௜ሻ , ݂݋ݎ ݅ ൌ ܽ, ܾ, ܿ, ݔ, ݕ, ݖ   
ߠ௔ ൌ ߠ௥ , ߠ௕ ൌ ߠ௥ െ 2ߨ3  ܽ݊݀ ߠ௖ ൌ ߠ௥ ൅
2ߨ
3  
ߠ௫ ൌ ߠ௔ െ ߨ6 , ߠ௬ ൌ ߠ௕ െ
ߨ
6  ܽ݊݀ ߠ௭ ൌ ߠ௖ െ
ߨ
6 
 
ሺ2.3.1ሻ  
Where, 
L௟ is leakage inductance a of stator winding. 
Lଵ is the constant component of the magnetizing inductance of a stator winding. 
Lଶ is amplitudes of the second harmonics of the magnetizing inductance.  
As each of the stator windings is shifted in space relative to the others by 120o the mutual 
inductance between each of the stator windings is negative. When the rotor d-axis is midway 
between axes of two of the windings, the magnitude of the inductance is maximum, [19]. 
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Therefore, ignoring the mutual leakage inductance, the mutual inductance within the phase 
group can be written as 
 
 
ܮ௔௕ ൌ ܮ௕௔ ൌ െ12ܮଵ െ ܮଶ ܿ݋ݏ 2ሺߠ௥ െ
ߨ
3ሻ  
ܮ௕௖ ൌ ܮ௖௕ ൌ െ12ܮଵ െ ܮଶ ܿ݋ݏ 2ሺߠ௥ െ
ߨ
2ሻ 
ܮ௖௔ ൌ ܮ௔௖ ൌ െ ଵଶ ܮଵ െ ܮଶ ܿ݋ݏ 2ሺߠ௥ ൅
గ
ଷሻ  
ܮ௫௬ ൌ ܮ௬௫ ൌ െ12ܮଵ െ ܮଶ ܿ݋ݏ 2ሺߠ௥ െ
ߨ
2ሻ  
ܮ௬௭ ൌ ܮ௭௬ ൌ െ12ܮଵ െ ܮଶ ܿ݋ݏ 2ሺߠ௥ െ
ߨ
6ሻ 
ܮ௭௫ ൌ ܮ௫௭ ൌ െ ଵଶ ܮଵ െ ܮଶ ܿ݋ݏ 2ሺߠ௥ ൅
గ
଺ሻ  
ሺ2.3.2ሻ  
 
The effect of mutual leakage inductance of the two groups of three phase windings voltage 
harmonic distortion and torque pulsation is appeared to be negligible when the separation of 
the two set of windings is 30o,[12] Therefore, the mutual coupling inductances between the 
two groups can be written 
 
ܮ௔௫ ൌ ܮ௫௔ ൌ √32 ܮଵ െ ܮଶ ܿ݋ݏ 2ሺߠ௥ ൅
ߨ
12ሻ  
ܮ௔௬ ൌ ܮ௬௔ ൌ െ√32 ܮଵ െ ܮଶ ܿ݋ݏ 2ሺߠ௥ െ
5ߨ
12ሻ 
ܮ௔௭ ൌ ܮ௭௔ ൌ 0 ൅ ܮଶ ܿ݋ݏ 2ሺߠ௥ ൅ గସሻ  
ܮ௕௫ ൌ ܮ௕௫ ൌ 0 െ ܮଶ ܿ݋ݏ 2ሺߠ௥ െ 5ߨ12ሻ  
ܮ௕௬ ൌ ܮ௭௕ ൌ √32 ܮଵ െ ܮଶ ܿ݋ݏ 2ሺߠ௥ ൅
ߨ
4ሻ 
ሺ2.3.3ሻ  
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ܮ௕௭ ൌ ܮ௭௕ ൌ െ√32 ܮଵ െ ܮଶ ܿ݋ݏ 2ሺߠ௥ െ
ߨ
6ሻ 
ܮ௖௫ ൌ ܮ௖௫ ൌ െ√32 ܮଵ െ ܮଶ ܿ݋ݏ 2ሺߠ௥ ൅
ߨ
4ሻ  
ܮ௖௬ ൌ ܮ௬௖ ൌ 0 െ ܮଶ ܿ݋ݏ 2ሺߠ௥ െ ߨ12ሻ 
ܮ௖௭ ൌ ܮ௭௖ ൌ √ଷଶ ܮଵ െ ܮଶ ܿ݋ݏ 2ሺߠ௥ െ
ହగ
ଵଶሻ  
 
Having the above mathematical representation of the inductances the stator winding of six 
phase machine, the modeling of surface mounted concentrated winding machine on 
synchronous rotating frame will be discussed latter. The modeling of six phase machines on 
synchronous rotating frame can be done in two ways. First, considering the six phase machine 
as two ideally separated three phase machine. Second, considering the machine as it is and 
using six phase symmetrical component transformation. 
2.3  Dynamic Modeling in Dual Synchronous Rotating Frame 
The mutual inductances between stator coils of single layer concentrated windings are very 
small compared to their corresponding self inductances.  For surface mounted PMSG the 
inductance is independent of rotor position considering no saliency (Lଶ~0). Taking the above 
presumable assumptions, the stator inductance matrix of six-phase SPMSG with concentrated 
windings is reduced to 
 
  
ሾܮ௦ ሿ ൌ
ۏ
ێێ
ێێ
ێ
ۍܮ௔௔ ܮ௕௕
ܮ௖௖
ܮ௫௫
ܮ௬௬
ܮ௭௭ے
ۑۑ
ۑۑ
ۑ
ې
  
ܮ௜௜ ൌ ܮ௟ ൅ ܮଵ , ݂݋ݎ   ݅ ൌ ܽ, ܾ, ܿ, ݔ, ݕ, ݖ   
(2.4)
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Six phase machine variables in stationary reference frame can be obtained using Clark 
Transformation and Modified Clark Transformation with respect ሺߙ1, ߚ1, ݋1ሻ  and 
ሺߙ2, ߚ2, ݋2ሻ respectively as seen in Figure 2-2.  
      
Figure 2‐2 Dual Stationary Reference Frame 
The stator voltage equation which is by equation Equations (2.1) is split in half, and Clarke 
and inverse Clarke transformations on voltage, stator current and stator flux linkages of phase 
group 1 ሺܽ, ܾ, ܿ ሻ െ ߙߚ݋1, and  modified Clarke and inverse modified Clarke transformations 
on voltage, stator current and stator flux linkages of phase group 2 ሺݔ, ݕ, ݖ ሻ െ ߙߚ݋2 . Then 
the equivalent stator linkage flux in stationary frames is  
 
ߣߙଵ ൌ ܮߙܫߙଵ ൅ ߣ௉ெ ܿ݋ݏ ߠ௥ 
ߣߚଵ ൌ ܮߚ݅ߚଵ ൅ ߣ௉ெ ݏ݅݊ ߠ௥ 
ߣߙଶ ൌ ܮߙܫߙ2 ൅ ߣ௉ெ ܿ݋ݏ ߠ௥ 
ߣߚଶ ൌ ܮߚܫߚଶ ൅ ߣ௉ெ ݏ݅݊ ߠ௥ 
(2.5)
The voltage equations in stationary frame become   
 
ఈܸଵ ൌ ܴ௦ܫఈଵ ൅ ܮఈ  ݀ܫఈଵ݀ݐ െ ߱௥ߣ௉ெ sinߠݎ 
ఉܸ1 ൌ ܴ௦ܫఉ1 ൅ ܮఈ  
݀ܫఉ1
݀ݐ ൅ ߱௥ߣ௉ெ cos ߠݎ 
ఈܸଶ ൌ ܴ௦ܫఈଶ ൅ ܮఈ  ݀ܫఈଶ݀ݐ െ ߱௥ߣெ sinߠݎ 
ఉܸ2 ൌ ܴ௦ܫఉ2 ൅ ܮఈ  
݀ܫఉ2
݀ݐ ൅ ߱௥ߣெ cos ߠݎ
(2.6)
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The voltage equations, Equation (2.5), are dependent on the rotor position. In order to 
eliminate the rotor position dependence and time varying equation, synchronous rotating 
frame transformation is employed. Synchronous rotating frame is also called rotor reference 
frame. 
 
Figure 2‐3 Stator windings in synchronous rotating reference frame   
Appling Angle Transformation on Equations (2.4) and (2.5), then the corresponding model 
equivalent model of the machine on synchronous rotating frame  
 
ߣௗଵ ൌ ܮௗܫௗଵ ൅  ߣ௉ெ 
ߣ௤ଵ ൌ ܮ௤ܫ௤ଵ  
ߣௗଶ ൌ ܮௗܫௗଶ ൅  ߣ௉ெ 
ߣ௤ଶ ൌ ܮ௤ܫ௤ଶ      
(2.7)
The voltage equations then   
 
ௗܸଵ ൌ ܴ௦ܫௗଵ ൅ ܮௗ ݀ܫௗଵ݀ݐ  െ ߱௥ܮ௤ܫ௤ଵ 
௤ܸଵ ൌ ܴ௦ܫ௤ଵ ൅ ܮ௤  ݀ܫ௤ଵ݀ݐ ൅ ߱௥ܮௗܫௗଵ ൅ ߱௥ ߣெ 
ௗܸଶ ൌ ܴ௦ܫௗଶ ൅ ܮௗ ݀ܫௗଶ݀ݐ  ݌ܫௗଶ െ ߱௥ܮ௤ܫ௤ଶ 
௤ܸଶ ൌ ܴ௦ܫ௤ଶ ൅ ܮ௤ ݀ܫ௤ଶ݀ݐ  ݌ܫ௤ଶ ൅ ߱௥ܮௗܫௗଶ ൅ ߱௥ ߣெ
(2.8)
The equivalent circuit 
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(a)            (b)                                                 
Figure 2‐4  Equitant circuit of six phase PMSG, (a) q axis (b) d axis 
Electromagnetic Torque 
The electromagnetic torque is the most important output variable that determines the 
mechanical dynamics of the machine such as the rotor position and speed.  
The electro-magnetic torque expression can be calculated from the air gap power   ௔ܲ௚. The air 
gap power is the part of input power which does not contribute to resistive loss,  ௟ܲ௢௦௦, or rate 
of change of stored energy in the inductances. The  rate of change  of  stored  magnetic  
energy  could  only  be  zero  in  steady  state. 
The total air gap flux contributes to the electromechanical torque,  
 
 ௘ܲ ൌ ଷଶ ቂூ೏భூ೜భቃ
் ቂ௏೏భ௏೜భቃ ൅
ଷ
ଶ ቂூ೏మூ೜మቃ
் ቂ௏೏మ௏೜మቃ, ௘ܲ-electrical power 
௔ܲ௚ ൌ ௘ܲ െ ௟ܲ௢௦௦ െ ௥ܲ௔௧௘஼௛௔௡௚௘ௌ௧௢௥௘ௗெ௔௚௡௘௧௜௖ 
௔ܲ௚ ൌ ଷଶ߱௥ ߣ௉ெሺܫ௤ଵ ൅ ܫ௤ଶሻ        
(2.9)
And if there are P poles, the electrical torque Mୣ is 
 
ܯ௘ ൌ ௉ೌ ೒ఠ೘ ൌ  
P
ଶ
ଷ
ଶ ߣ௉ெሺܫ௤ଵ ൅ ܫ௤ଶሻ ൌ ܭ் ሺܫ௤ଵ ൅ ܫ௤ଶሻ    
  ܭ் ൌ   Pଶ
ଷ
ଶ ߣ௉ெ 
(2.10)
The toque expression given above is analogous to that of dc machine or that of three phase 
AC machines in d-q plane.  
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2.4  Dynamic Modeling using Vector Space Decomposition 
The vector Space decomposition theory has been introduced to transform the original six-
dimensional space of the machine into three orthogonal subspaces or planes. Vector 
decomposition is based on the generalized two phase real component transformation of stator 
windings of n phase machine.  
The generalized two-phase real component transformation is appropriate only for symmetrical 
n-phase machines in which each stator phase is separated from each adjacent stator phase by 
 360 n  ⁄ electrical degrees [10]. As a result, this transformation cannot be applied directly to 
the six-phase machine configuration with 30 degree separation. But, the generalized two-
phase transformation of a symmetrical 12 phase machine can be used to derive transformation 
matrix for asymmetric six phase machine, see Figure 2-5.    
                          
Figure 2‐5 Winding axes for 12 phase and 6 phase windings. 
For twelve phase machines, n=12, the transformation matrix [T12] is given in Appendix A1. 
Then the twelve phase transformation matrix can be reduce to six phase transformation matrix 
as [T6], it is voltage invariant form. 
             
ሾ ଺ܶሿ  = ଵଷ 
ۏ
ێێ
ێێ
ۍ1 ܿ݋ݏ 4ߙ ܿ݋ݏ 8ߙ0 ݏ݅݊ 4ߙ ݏ݅݊ 8ߙ
1 ܿ݋ݏ 8ߙ ܿ݋ݏ 4ߙ
ܿ݋ݏ ߙ ܿ݋ݏ 5ߙ ܿ݋ݏ 9ߙ
ݏ݅݊ ߙ ݏ݅݊ 5ߙ ݏ݅݊ 9ߙ
ܿ݋ݏ 5ߙ ܿ݋ݏ ߙ ܿ݋ݏ 9ߙ
0 ݏ݅݊ 8ߙ ݏ݅݊ 4ߙ
1 1 1
0 0 0
ݏ݅݊ 5ߙ ݏ݅݊ ߙ  ݏ݅݊ 9ߙ
0 0 0
1 1 1 ے
ۑۑ
ۑۑ
ې
 
ሾT଺ሿିଵ ൌ ሾT଺ሿT  
(2.11)
Rearranging the above equations the voltage equations are   
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ఈܸ ൌ ܴ௦ܫఈ ൅ ܮ௦ ݀ܫఈ݀ݐ  െ ߣ௉ெݏ݅݊ߠ௥ 
ఉܸ ൌ ܴ௦ܫఉ ൅ ܮ௦ ݀ܫഁ݀ݐ  ൅ ߣ௉ெܿ݋ݏߠ௥  
  ௫ܸ ൌ ܴ௦ܫ௫ ൅ ܮ௦ ݀ܫݔ݀ݐ  
௬ܸ ൌ ܴ௦ܫ௬ ൅ ܮ௦ ݀ூ೤݀ݐ    
  ௭ܸଵ ൌ ܴ௦ܫ௭ଵ ൅ ܮ௦ ݀ܫݖ1݀ݐ   
௭ܸଶ ൌ ܴ௦ܫ௭ଶ ൅ ܮ௦ ݀ܫݖ2݀ݐ    
(2.12)
Equation (2.12) is has rotor position dependent voltage equations. Appling the   ௥ܶ  voltage 
equations referred to rotating space vector decomposition. 
 
ௗܸ ൌ ܴ௦ܫௗ ൅ ܮ௦ ݀ܫௗ݀ݐ  െ ߱௥ܮ௦ ܫ௤ 
௤ܸ ൌ ܴ௦ܫௗ ൅ ܮ௦ ݀ܫ௤݀ݐ ൅ ߱௥ܮ௦ܫௗ ൅ ߣ௉ெ߱௥ 
(2.13)
Equation (2.13) is similar to mathematical model of three phase machine in rotor reference 
frame. It is used in vector control of six phase machine in similar approach to that of three 
phase machines. Therefore vector space decomposition method of modeling multiphase 
machines makes the control as ease as standard three phase machines. 
Equivalent circuit in the three orthogonal planes can be derived using (2.12)-(2.13).  
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Figure  2‐6 Equivalent Circuit of Six phase Generator in three subspaces (a) in x‐y subspace, (b) in z1‐z2 subspace, (c) in d‐
q subspace 
As seen from (2.12)-(2.13), the current components in (x, y) and (z1, z2) are limited to stator 
resistor and stator inductance in the case of concentrated winding PMSG. These currents do 
not contribute to electromechanical energy conversion but losses. So, the electromechanical 
energy conversion variables are mapped in the only (d,q) subspace. This makes the control of 
the machine simpler and is equivalent to three phases PMSG. 
Electromagnetic Torque 
The electro-magnetic torque expression can be calculated from the air gap power. The air gap 
power is the part of input power which does not contribute to resistive loss or rate of change 
of stored energy in the inductances. The  rate of change  of  stored  magnetic  energy  could  
only  be  zero  in  steady  state. 
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 (only d-q component contribute for air gap power) 
௔ܲ௚ ൌ ௘ܲ െ ௟ܲ௢௦௦ െ ௥ܲ௔௧௘஼௛௔௡௚௘ௌ௧௢௥௘ௗெ௔௚௡௘௧௜௖ 
௔ܲ௚ ൌ 3߱௥ ߣெܫ௤        
(2.14)
And if there are P poles, the electrical torque Tୣ  is 
  ܯ௘ ൌ ௉ೌ ೒ఠ೘ ൌ 3 
P
ଶ ߣெܫ௤ ൌ ܭ௧ ܫ௤       (2.15)
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ܭ௧ ൌ 3P2 ߣெ ൌ 2ܭ் 
The toque expression given above is equivalent to that of DC machine or that of three phase 
AC machines in d-q plane.  
Therefore, systems of six phase machine can be simplified to two phase windings systems 
which contribute for electromechanical energy conversion.                                         
In general, multi phase machine modeling and control becomes easier using the vector 
decomposition technique. All those derivations of equations are to understand the behavior of 
multiphase machines which are used for control purpose. Before proceeding to control of six 
phase machine, the next chapter presents about the converters used to operate the machine.  
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3    Converters 
 
In  this  chapter  three  phase  converter  operation  with  sinusoidal  and  space  vector 
switching technique is discussed to pave the way for the analysis of six leg converters. 
The  average  model  of  three  phase  converter  is  depicted.  The  six  leg  converter 
topology  is described with  the  extended  space  vector modulation  technique,  called 
the space vector decomposition technique, and is explained;  
3.1  Wind Turbine Converter Topologies 
Wind Turbines currently installed are either fixed speed or variable speed. In order to be able 
to operate wind turbine at its maximum power coefficient thereby obtaining larger wind 
energy capture over wide range of wind speed, variable speed wind turbine must be used in 
the wind energy system.  Variable speed operation is achieved by controlling the generator 
speed by controlling the converter connected across the stator in fully rated converter 
configuration or by controlling the converters connected across the rotor windings in the case 
of doubly feed Induction generator. Fully rated converter based wind turbines may have 
different topologies based on the generator side converter configuration. These are diode 
rectifier based, thyristor based, and diode with boost converter based and IGBT based as 
shown in Figure below.  
                 
   
Figure 3‐1 Fully Rated Converter based wind turbine converter topologies 
IGBT rectifiers has enormous advantages, such as  the  current  or  voltage  can  be  
modulated generating  less  harmonic  contamination; power factor can be controlled;  they 
can be  built as voltage source or current source rectifiers;  the reversal of power can be 
achieved either by reversal of voltage or reversal of current[20]. The proposed converter 
topology is an IGBT based six-phase converter or cascaded converter having same dc link 
voltage. The six leg converter has advantages to increase the reliability of system and also 
    Converters 
reduces ripple and or the harmonic distortion both in stator and dc link by creating smooth 
transition in switching states.  The advent of fast processing and advanced DSP modules 
makes the real time control of complex algorithms easier and practical. So, it makes feasible 
to think of the application of multi leg converters as one, instead.  
 
Figure 3‐2 wind energy conversion six leg converter topology for six phase machines 
As seen in Figure 3-2, the machine connected converters work in rectifier mode of operation 
most of the time. Therefore, the basic principles and switching of three phase rectifiers are 
discussed before jumping to six leg converters. 
3.2  Operation of three phase rectifier 
Three phase converter with fixed dc voltage polarity is called voltage source converter (VSC). 
VSC can make a smooth transition from the inverter mode to rectifier mode by reversing the 
direction of dc current; unlike current source rectifiers which reverse the dc voltage polarity. 
To elaboration the basic operation of VSC converter, a single leg of converter is depicted in 
below 
 
Figure 3‐3 Single leg converter operation 
Under Rectifier mode operation, the converter works like Boost converter. The upper switch 
and lower diode work complementarily, the blue line shows the direction of current flow. 
Under Inverter mode of operation, the converter works like Buck converter. The lower switch 
and the upper switch and lower diode work complementarily which is shown by red line in 
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Figure 3-3. The relationship between input voltage (assumed sinusoidal) and converter 
voltage, ignoring the harmonics, can be easily shown by a phasor 
  (3.1)
                              
Figure 3‐4 Rectifier mode (left) and Inverter mode (right) of operation at unity power factor 
From Figure 3-4, the converter voltage is higher that the input voltage in both modes near 
unity power factor operation. Therefore, the dc link voltage should be sufficiently larger than 
diode rectification voltage otherwise the converter will behave like common diode 
bridge, . The active and reactive power flow is also well explained in [21].  When 
three separate single legs are connected together, they form three phase converter called 
voltage source converter. 
There are many different switching techniques to control converters switching device. The 
sinusoidal PWM and Space Vector PWM are discussed here, since they are the one used in 
the implementation.  
3.3  VSC­Sinusoidal Pulse Width Modulation  
The Pulse Width Modulation is a technique of switching inverter power devices ON and OFF 
at a carrier frequency in order to generate sequence of pulses whose average value forms the 
reference signal. In another word, the reference signal is used to shape and control the 
magnitude and frequency of converter output voltage when the reference signal is sinusoidal 
waveform; the modulation is called sinusoidal PWM. In PWM, amplitude ratio or modulation 
index is defined as the ratio of the peak amplitude of the modulating signal  and the 
amplitude of the triangular . The ratio of the frequency of carrier triangle  and the 
frequency of fundamental component PWM pulse pattern is called frequency modulation 
ratio . 
 
 
(3.2)
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For ݉௔ ൑ 1, the modulation is called linear modulation in which the fundamental frequency 
component of the converter voltage linearly varies with ݉௔ . For ݉௔ ൒ 1 , the modulation 
becomes nonlinear and is called over modulation. 
3.3.1. Switching model  
In a three phase inverter only one of the switch in each leg is ON at a time; the upper three 
switches can represent the converter using a the switching function is defined  
  ௝ܵ ൌ ൜1 , ܱܰሺ  ௖ܸ௢௡௧௥௢௟ ൐ ௧ܸ௥௜ሻ0, ܱܨܨሺ  ௖ܸ௢௡௧௥௢௟ ൏ ௧ܸ௥௜ሻ ݆ ൌ ܣ, ܤ ݋ݎ ܥ (3.3)
The converter leg output voltage is given by  
  ௝ܸே ൌ ௝ܵ ௗܸ௖   (3.4)
 
Using single carrier and three sinusoidal signals shifted by 120o, as shown in Figure 3-6(a), 
the sinusoidal PWM generated signal of phase and line voltage at the converter is shown 
Figure 3-6 (b); the converter leg voltage has a dc value of  ୴ୢଶ  . 
 
Figure 3‐5 (a) Three phase PWM generation (b) phase and line voltages 
3.3.2. Average value model of Converter leg  
The average leg voltage at output can be obtained by integrating the switching voltage (3.4) 
over a switching period and dividing by Ts. 
  ఫܸேതതതത ൌ ଵ்௦ ׬ ௗܸ௖ 
௧௢ା்௦
௧௢  ݀ݐ ൌ ௝݀ ௗܸ௖ ,  j= A, B, C (3.5)
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The dependency of duty cycle with control signal and carrier signal can be given by  
  ௝݀ ൌ 12 ൅
1
2
ݒ௖௢௡௧௥௢௟,௝
௧ܸ
  (3.6)
For sinusoidal control signal, ݒ௖௢௡௧௥௢௟,௝ ൌ ௖ܸ sin൫߱ݐ ൅ ߠ௝൯, the duty cycle can be written in 
terms of the modulation index, 
 
௝݀ ൌ ଵଶ ൅
ଵ
ଶ
௏೎
௏೟ ݏ݅݊൫߱ݐ ൅ ߠ௝൯  
௝݀ ൌ ଵଶ ൅
ଵ
ଶ݉௔ ݏ݅݊൫߱ݐ ൅ ߠ௝൯  
(3.7)
In the linear range the peak value of the fundamental frequency component in one of the 
inverter leg is given in (3.9), note that the dc off set is zero frequency components, 
  V෡୨ଵ ൌ mୟ Vౚౙଶ   (3.8)
The dc component the phase voltages cancel each other in the line to line voltages,  
 
ఫܸ௞തതതത ൌ ௝݀௞ ௗܸ   
௝݀௞ ൌ ௝݀ െ ݀௞  
(3.9)
The amplitude of line to line voltage of fundamental frequency component across two legs of 
the converter is  
 
Equation (3.10) shows that only 61.2% of the dc link voltage can be utilized in the linear 
range.  There are other modulation techniques such as the space vector PWM which will be 
discussed later and third harmonic injection sinusoidal PWM. Both the modulation techniques 
allow dc link voltage utilization up to 70.7% in the linear range [22], [23].  
The total currents in the three legs sum up to give the dc link current. 
  V෡୨LL ൌ ටଷଶmୟ 
Vౚౙ
ଶ  (3.10)
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where ܫఫഥ is the average line current and 
Combining (3.9) - (3.11), the average model of three phase converter is Figure 3-7. Average 
models make simulation fast though losing some degree of accuracy.  
 
Figure 3‐6 Three phase VSC average model 
 
3.4  VSC­Space Vector Pulse Width Modulation  
Space vector Pulse Width Modulation (SVPWM) has interesting characteristics over 
sinusoidal PWM. It improves the DC link voltage utilization and also reduces harmonics in 
the voltages and currents. At any instant of time the vector sum of phase voltages in space 
gives one vector –space vector. The use of the magnitude and frequency of this vector to 
control switching states of the converter is named space vector modulation.  
The switch mode converter connected to Machine is shown below 
 
Figure 3‐7 Three phase converter connected to machine 
  Iୢୡ ൌ ∑ d୨୨ ܫఫഥ  ,     ݆ ൌ ܣ, ܤ & ܥ . (3.11)
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As it is discussed before, the upper three switches can represent the converter state since the 
lower switches are complementary to the upper switches. Therefore, there are only eight 
possible states of which six are active states and two are zero states.  
The switching model of the converter leg voltage is shown in (3.4), ௝ܸே ൌ ௝ܵ ௗܸ௖. The generator 
phase is sum of leg voltage and neutral point voltage ேܸ௡  
 
௔ܸ௦ ൌ ௔ܸே  ൅  ேܸ௡ =ܵ௔ ௗܸ ൅ ேܸ௡  
௕ܸ௦ ൌ ௕ܸே  ൅  ேܸ௡ =ܵୠ ௗܸ ൅  ேܸ௡  
௖ܸ௦ ൌ ௖ܸே  ൅   ேܸ௡  =ܵ௖ ௗܸ ൅ ேܸ௡  
(3.12)
For a balanced system the sum of stator phase voltages is zero. This makes the voltage 
between the neutral equal to one third of the sum of the converter leg voltages. 
Mathematically,  
 
ேܸ௡  ൌ ଵଷ ሺ ௔ܸே  ൅ ௕ܸே  ൅ ௖ܸே ሻ  
ேܸ௡  ൌ ଵଷ ሺܵ௔ ௗܸ௖ ൅ ܵୠ ௗܸ ൅ ܵ௖ ௗܸ௖ሻ  
(3.13)
Then the phase voltages in terms the switching states is calculated from the above two 
equations as 
  ൥
௔ܸ௦
௕ܸ௦
௖ܸ௦
൩=ଵଷ ൥
2 െ1 െ1
െ1 2 െ1
െ1 െ1 2
൩ ቎
௔ܸே
௕ܸே 
௖ܸே
቏ ൌ ௏೏೎ଷ ൥
2 െ1 െ1
െ1 2 െ1
െ1 െ1 2
൩ ൥
ܵ௔ܵୠܵ௖
൩ (3.14)
The line to line and phase voltages of the generator as all the states is shown in Table 3-1;  
Table 3‐1  Switching states and generator line and phase voltages normalized to Vdc 
Voltage  
Vector 
Switching 
vectors 
 
Line to Neutral voltages 
 
Line  to  Line 
voltages 
 
ܽ  ܾ 
 
ܿ 
  ௔ܸ௡
  ௔ܸ௡  ௔ܸ௡  ௔ܸ௕  ௕ܸ௖  ௖ܸ௔ 
଴ܸ  0  0  0  0  0  0  0  0  0 
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ଵܸ  1  0  0  23 ௗܸ  െ
1
3 ௗܸ െ
1
3 ௗܸ ௗܸ  0  െ ௗܸ 
ଶܸ  1  1  0  13 ௗܸ 
1
3 ௗܸ  െ
2
3 ௗܸ 0  ௗܸ  െ ௗܸ 
ଷܸ  0  1  0  െ13 ௗܸ
2
3 ௗܸ  െ
1
3 ௗܸ െ ௗܸ  ௗܸ  0 
ସܸ  0  1  1  െ23 ௗܸ
1
3 ௗܸ 
1
3 ௗܸ  െ ௗܸ  0  ௗܸ 
ହܸ  0  0  1  െ13 ௗܸ െ
1
3 ௗܸ
2
3 ௗܸ  0  െ ௗܸ  ௗܸ 
଺ܸ  1  0  1  13 ௗܸ  െ
2
3 ௗܸ
1
3 ௗܸ  ௗܸ  െ ௗܸ  0 
଻ܸ  1  1  1  0 0 0 0 0  0 
 
The analysis of calculation of the space vector is easy in stationary reference frame rather than 
adding the complex phase variables. Applying Clark’s transformation to (3.14), 
  ቎
V஑Vஒ
V୭
቏ ൌ 23Vୢ  ൦
1 െ0.5 െ0.5
0 √32 െ
√3
20 0 0
൪ ൥
SୟSୠSୡ
൩ (3.15)
V஑ and  Vஒ gives the magnitude of the reference space vector-radius of circle as shown in 
Fig3.10b.  
 
Figure 3‐8 switching vectors position and sector on stationary reference axis 
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The maximum value of the average reference that can be used without distortion  Vഥ୰ୣ୤ is when 
it is equal to the radius the circle inscribed hexagon. Then the peak value of the phase and its 
root mean square can be calculated as  
 
Vഥ୰ୣ୤Mୟ୶ ൌ Vଵ cosሺ30ሻ ൌ √ଷଶ Vୢ  
V୮୦ୟୱୣMୟ୶ ൌ ଶଷ തܸ௥௘௙ெ௔௫ ൌ
ଵ
√ଷ Vୢ  
VLL,Mୟ୶ሺ୰୫ୱሻ ൌ ටଷଶ V୮୦ୟୱୣMୟ୶ ൌ
ଵ
√ଶ Vୢ ൌ 0.707 Vୢ  
(3.16)
This shows that using space vector modulation has 15 percent higher dc link voltage 
utilization than that of sinusoidal modulation, compare with (3.10). 
Next stage on SVPWM is identifying the sector where the reference voltage is laid. Then 
calculate the time that the adjacent vectors inscribing the reference so as to keep the voltage-
second balance.  
 
Figure 3‐9 synthesis of required voltage in sector 1 
Depending on the criteria required zero vectors has to be selected to make the switching 
frequency constant. When reference vector is in sector 1, see Fig.3.11, the duty cycle for the 
adjacent vector V1 and V2, and zero vectors can be calculated as 
 
dଶ ൌ ଶ√ଷ Vഥ୰ୣ୤sin  α   
dଵ ൌ ଶଷ Vഥ୰ୣ୤Mୟ୶ ൌ
ଵ
√ଷ Vഥ୰ୣ୤ሺ√3 cosα െ sinαሻ  
d୭ ൌ 1 െ dଵ െ dଶ  
(3.17)
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The above formula can be used as general formula for the other sectors by adjusting the angle 
the respective vectors. The detailed analysis for selection of zero vectors and the different 
space vector algorithms are covered in [24]-[25]. 
Space vector source code is included in Appendix F. 
3.5  Six Leg Converters 
3.5.1. Model 
Sig leg converter can be built, in similar fashion to that of three phases, by connecting six 
bridge legs; or simply by connecting two VSC with common dc link voltage. 
In this project, two identical three phase converters modules are used Figure 3.10(right side). 
      
Figure 3‐10 Six leg converter  
The six-phase voltage source converter contains a switching network of 12 power switches 
arranged to form 6 legs, each leg connected to one phase of the generator. Only one of the 
power switches of the same leg can operate in the ON state to avoid the short circuit of the dc 
link so that the upper six switches determine the switching state of the converter. Thus, 64 
possible states are available and having many switches states gives freedom in the control of 
the converter and also it reduces the harmonics in voltage and current that would have been 
introduced by having less number of switching states.  
The neutrals of the generator are isolated from each other and from the converter. For a 
balanced system, the voltage between the converter and machine for each set of three phase 
windings becomes one third of the sum of the respective leg voltages, as shown in (3. 14) for 
three phase machine  
Therefore, using similar analysis the phase voltages can be written as 
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ൣ ௝ܸ௦൧ ൌ ሾܥሿሾ ௝ܸேሿ  
(3.18)
The converter leg voltage is product of the dc link voltage Vୢ and the switching state of the 
respective leg.  For the six legs the converter voltages in matrix form can be written as 
  ൣV୨N൧ ൌ Vୢሾ Sୟ Sୠ  Sୡ  S୶ S୷ S୸ ሿ= Vୢୡ[S୨ ሿ  (3.19)
Finally,  substituting  (3.19)  to  (3.18),  the  stator  voltages  of  the  generator  in  terms  of  the 
switching states of the converter are         
  ൣV୨ୱ൧ ൌ VୢሾCሿ[S୨ ሿ,       j ൌ a, b, c, x, y, z  (3.20)
As shown in (3.21), by changing the switches states of the converter the stator voltages can be 
controlled, or vice verse. The generation of control signal to the converter varies with 
modulation scheme used. To take advantage of the higher number of switching states of the 
vector decomposition space vector PWM is used. 
3.5.2. Sinusoidal Modulation 
The six leg converter can be treated as two independent three phase system.  For a balanced 
load, the two converters will have similar reference signal which are separated by the phase 
difference angle of the phase groups. DC link voltage utilization is as same as to that of three 
phase converter. This modulation is very simple, in this project it is used in the initial stage of 
the development of drive controller. 
3.5.3. Space Vector Modulation-Vector Classification  
Similarly, standard three phase space vector modulation can be use for the two converters. 
First case is, using separate reference signals for each converter but the same switching states. 
The same space vector modulation can be used, only by changing the input signal to the 
function. This modulation strategy is implemented in this project. 
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Figure 3‐11 space vector modulation with different reference and same state vector position 
The second case, is using the same reference signal but different position of switching states, 
the switching states of one of the converter are uniformly displaced by the angle which is 
equal to the phase difference of the two groups of three phase winding  of the generator. 
α
β
Vref
α 
(2 / 3, 0)(‐2/3,0)
 
Figure 3‐12 space vector modulation with single reference and different vector position 
3.5.4. Modulation - Vector Space Decomposition Space Vector PWM 
As introduced earlier, for three phase converter modulation, space vector modulation is based 
on the projection of the stator space vector in to stationary reference frame(s).  From the 
general two phase real component transformation, six space phase voltages can equally be 
represented by vectors of three orthogonal stationary reference frames.  
The stator voltages on three orthogonal planes can be found by multiplying (3.20) using six 
phase transformation, Appendix A. 
  ሾVୱ୴ୢሿ ൌ VୢሾT଺ሿሾCሿ[S୨ ሿ (3.21)
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Where: V୴ୱୢ ൌ ൣVα Vβ  V୶  V୷  V୸ଵ  V୸ଶ ൧T 
As it is seen, (3.21), no voltage components are generated in the (z1-z2) subspace; this is 
because of the two neutral of the machine are separated and system is assumed balanced.   
There are   64 switching modes in eachሺα, β) and ሺx, y .The vector space diagram of the 
switching states normalized with Vdc are shown below. 
 
(a)                                                                                   (b) 
Figure 3‐13 (a) projection of stator voltage (a,b) plane , (b)projection of stator voltage (x,y) plane, null voltage vectors: 0, 
63,7,56 
 Looking at the magnitude of the voltage vectors of above Figure 3-13, there are five vector 
groups; the zero voltage group has 4 states Uo=0, the smallest voltage U1=0.299Vd group(12 
states), the small-medium vector group has 12 states U2=0.577Vd, the medium voltage group 
has 24 states U3=0.816Vd , and the largest voltage group has 12 states U4=1.115Vd; 
From the two projection planes voltage diagrams, it is evident that the largest vectors (U4) 
inሺα, β) plane are mapped to the smallest vectors in (x,y) plane. While the others two medium 
voltages are same in both planes. So, does all the 128 vectors participated in 
modulation/controlling of converter? As it is discussed in chapter 2, the space vector 
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decomposition modeling of generator shows only  ሺα, β ) planes contribute for 
electromechanical energy conversion while ሺx, y) corresponds to stator losses. That means, it 
is wise to choose vectors which have largest projection on the ሺα, β) and at the same time 
smallest in ሺx, y).  As a result, the vector diagram is simplified to 12 vectors-U4 group inሺα, β)   
and their 12 projection vectors-U1 group in ሺx, y) as shown in Figure 3-14.   
There are two 12 sectors each separated by 30o. SVPWM technique of three phase converters 
with 6 sectors can be extended to that of six phase converters-two 12 sectors.  
Since the control ofሺα, β) andሺx, y) orthogonal planes of one another, this gives additional 
degree of freedom in the control of machine- converter system, so that the losses inሺx, y) 
plane is intended to be as low as possible, by selecting four active vectors to generate 
reference space vector in ሺα, β) and zero volt-second in ሺx, y). 
 
            
(a)                                                                               (b) 
Figure 3‐14 vector-U4 group, of stator voltage (a,b) plane(x,y) plane 
Supposing the reference vector is sector 1, the four adjacent vectors 45, 41, 9 and 11 are used. 
The important features of these four adjacent voltages is that they lie in different quadrants 
ofሺx, y) plane which helps cancellation.  
There are four zero vectors for each sector to choose from. Here, only one zero vector for 
each sector is used and is selected to minimize the number of state changes of switch in each 
leg. Table shows switching table for sector 1, 
Table 3‐2 Switching table of sector 1 
Sector 1 ܵ௭ ܵ௬ ܵ௫ ܵ௖ ܵ௕ ܵ௔ 
  0.5
  1
  1.5
30
210
60
240
90
270
120
300
150
330
180 0
  0.1
  0.2
  0.3
30
210
60
240
90
270
120
300
150
330
180 0
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V0 63 1 1 1 1 1 1 
V1 45 1 0 1 1 0 1 
V2 41 1 0 1 0 0 1 
V3 9 0 0 1 0 0 1 
V4 11 0 0 1 0 1 1 
As shown in Table 3.1, the all switch legs change state once in sampling time except leg b 
which switches twice, and it is inevitable to have at least two state changes in sampling rate in 
any combination. Therefore, it is possible to have different ways of choosing zero vectors and 
thorough study can be done on the different combinations. The switching table for the other 
sectors is included in Appendix C. 
The dwelling time of these five vectors is calculated in such way that the voltage-second is 
balanced [26],[27].Let T଴, Tଵ, Tଶ, Tଷ and Tସ  be the dwelling time of the vectors  
V଴, Vଵ, Vଶ, Vଷ and Vସ respectively. The voltage-second balance is  
  V଴T଴ ൅ VଵTଵ ൅ VଶTଶ ൅ VଷTଷ ൅ VସTସ ൌ V୰ୣ୤Tୱ  
T଴ ൅ Tଵ ൅ Tଶ ൅ Tଷ ൅ Tସ ൌ Tୱ  
(3.22)
Further decomposing the vectors in to the subspaces which we have the information that the 
voltage-second balance must be zero to minimize losses and is given by 
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  (3.23)
where, V୩୧ is the projection of the ith voltage on the k-plane and T୧ is the dwelling time of the 
vector V୩୧ over a sampling period Tୱ; Vαכ and Vβכ are the projection of reference space vector 
on ሺα, β)  plane . 
Now, the timing signals of the legs or phases of the converter can be calculated by adding the 
dwelling times according to switching states of the five vectors for the given sector. Table 3.3 
shows the switching table for sector I. 
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Table 3‐3 switching table time and dwelling time of sector 1 
Sector 1 ܵ௭ ܵ௬ ܵ௫ ܵ௖ ܵ௕ ܵ௔ 
V଴ 63 1 1 1 1 1 1 
T଴ T଴ T଴ T଴ T଴ T଴ 
V1 45 1 0 1 1 0 1 
Tଵ 0 Tଵ Tଵ 0 Tଵ 
Vଶ 41 1 0 1 0 0 1 
Tଶ 0 Tଶ 0 0 Tଶ 
V3 9 0 0 1 0 0 1 
0 0 Tଷ 0 0 Tଷ 
V4 11 0 0 1 0 1 1 
0 0 Tସ 0 Tସ Tସ 
෍Ton T଴ ൅Tଵ 
+ Tଶ 
T଴ Tୱ T଴ ൅ Tଵ T଴ ൅ Tସ Tୱ 
Note that: Tୱ  is the sampling time which has to be smaller than the switching time.  
The ratio of the dwelling time to the sampling time can be defined as the duty cycle on that 
sampling period,  
  d୧ ൌ T౟ T౩ ,  i ൌ 0, 1, 2, 3, 4  (3.24)
The normalized switching gate signals then can be shown as 
 
Figure 3‐15 switching gate signals 
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The sum normalized dwelling time of each vector gives the duty cycle of the switch or leg. 
For this particular case, reference vector is in sector 1, the duty cycles of the six phases are as 
follows. 
 
dୟ ൌ 1 
dୠ  ൌ  dଵ  ൅ dସ 
dୡ  ൌ  dଵ  ൅ dଶ 
d୶  ൌ 1 
d୷  ൌ  dଵ  
d୸  ൌ  dଵ ൅ dଶ ൅ dଷ  
(3.25)
The generation of switching signals must be handled carefully. The switching signals 
generation should be handled in different way for the leg which changes state twice in a 
sampling period.  
The average model of six phase converter can be developed from the duty cycles of each 
phase. The phase voltage is given by  
  Vഥ୨ୱ ൌ d୨ Vୢ ,  j ൌ a, b, c, x, y, z (3.26)
Ignoring the witching losses the input and output are assumed to be equal, the DC link current 
becomes as  
 
ܫௗ ௗܸ ൌ ∑ തܸ௝௦ ܫ ҧ௝ ௝   ,    ݆ ൌ ܽ, ܾ, ܿ, ݔ, ݕ, ݖ 
ܫௗ ൌ ∑ ௝݀ ܫ ҧ௝ ௝ , 
(3.27)
From (3.27) and (3.28), the average value model is composed of one controlled current source 
on DC side and six controlled voltage sources from the AC side, see below  
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Figure 3‐16 Average value model of six leg converter 
Using average value model, it is possible to do away with the gate signal generation process 
and at same time reducing the simulation time of the system.  
To wrap up, the SVPWM has three main steps which have been discussed earlier: vector 
selection, switching time calculation and gate signal generation. The Matlab codes for 
selection of vector and switching time calculation are included in Appendix C. 
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4    Control of Six Phase PMSG 
In  this  chapter  the  Field  Oriented  Control  or  Vector  control  Method  of  six  phases 
PMSG  is  introduced.  The  detailed  analysis  of  the  generation  of  control  signals  for 
independent  control of  torque and  speed of  the generator  is discussed. Both  single 
synchronous  rotating  current  control  and  dual  synchronous  rotating  frame  current 
control are included.  
4.1  Introduction  
In general Control of AC machines can be divided into Scalar control and Vector Control. In 
Scalar control only the magnitude and frequency of control variables can be controlled where 
as in vector control not only the magnitude and frequency but also phase of the control 
variables can be controlled. The main idea of vector control is in order to be able to control 
the flux and toque of the machine independently which is not so easy in AC machines because 
of the interactions between the stator and rotor fields. In other word, vector controlled AC 
machine emulates DC machine which the field current controls the machine flux and the 
armature current controls the torque independently of the flux. 
The construction of a DC machine is such that by mechanical means the field flux is 
perpendicular to the armature flux. DC machine-like performance can be obtained by 
orienting the stator current in such a way that it will be decoupled in to flux producing and 
torque producing components. 
Vector control came into the field of AC drives research in the late 1960s and was developed 
prominently in the 1980s to meet the challenges of oscillating flux and torque responses in 
inverter fed induction and synchronous motor drives. 
Vector control of PMSM drives, is intended to control the speed and torque of the machine 
independently. Not only this, there are different control strategies or objectives which come 
along with the vector control. Some of them are constant torque angle, unity power factor 
(UPF), control of angle between flux and current phasors, optimum torque per unit current, 
constant power loss, and maximum efficiency,[28].   
In constant torque angle control the torque angle is maintained at 90 deg. It is also called zero 
d axis current control. Since Id=0, field weakening cannot be achieved. In this control strategy 
per unit torque is equal to per unit stator peak current. This makes the implementation simple. 
    Control 
This control strategy also gives the optimal torque for surface mounted PM machines. The 
field weakening operation is not of interest for wind generator drives application. Therefore, 
zero d axis current control strategy is chosen as the part of vector control in this thesis. 
Six phase machine control is based on the machine model. Six phase machines can  modeled 
as one six phase system or simply as two three phase systems As it is explained in chapter 2 , 
machine modeling becomes simpler on synchronous rotating frames on which the inductance 
terms become independent of rotor position and stator variables(V,I and flux)  are constant at 
steady state. Therefore, six phase machine control is done on synchronous rotating frame 
using one full six phase machine model or using two-three phase machine models. The former 
is called single synchronous rotating frame current control, while the latter is called dual 
synchronous rotating frame current control. These control schemes are the heart of this 
chapter. 
The different topologies of converters in a wind energy system are shown in chapter 3. The 
fully rated converter topology is preferable to other types for PMSG based Wind Energy 
System. Back to Back connected fully rated VSCs can be controlled in two ways in Wind 
energy system turbine control.  First method, when VSC-1 (machine side converter), controls 
the generator power and VSC-2 maintains the DC link voltage at required value, Figure 4-1. 
 
Figure 4‐1 Fully rated converter control strategy 1 
In section 4.2 and 4.3 presents the design of generator control for this strategy, assuming that 
VSC-2 is an ideal constant voltage source. 
Second arrangement is shown in Figure 4-2, when VSC-1 maintains the DC link voltage, 
while VSC-2 controls the generator power.  
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Figure 4‐2 Fully rated converter control strategy 2 
The design of DC link voltage control is presented in section 4.4.  
4.2  Single Synchronous Rotating Frame Current Control 
In the previous chapters the modeling of generator –converter system is simplified by using 
six phase transformation. The electromechanical energy conversion takes place in only one of 
the sub spaces, namely the (d, q) subspace. Therefore, by controlling this subspace the 
machine operation can be controlled. 
Further the machine operation can be optimized by maintaining the (x,y) subspace currents to 
minimum in order to  reduce the losses.  These losses can also be reduced by having larger 
inductance. For concentrated winding machines this inductance term is equal to the main 
inductance where as for distributed winding machines the inductance term is leakage 
inductance. Therefore,   since the machine in use is concentrated winding machine, it 
experiences smaller (x,y) plane current thereby smaller current. 
 
Figure  4‐3  General  schematics  of  Transformation  of  Generator  and  Converter,  L_term=linkage  inductance  for 
concentrated winding, L_term=Leakage term 
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 The equivalent circuit of six phase machine in (d, q) subspace can be explicitly shown in 
Figure 4-4 which is exactly similar to three phase generator converter system.  
 
Figure 4‐4 Equivalent circuit of six phase machine‐converter system in (d, q) 
Therefore, control of six phase machine –converter system is designed in a similar manner as 
that of three phase machine-converter system. 
Generally, Drive system is operated in torque control mode, speed control mode or position 
control mode. The position control mode is not of interest of this work.  
Torque control mode-torque is set to a desired reference value and the speed varies 
depending on the load. Since torque is a constant multiple of q axis current (even torque is 
equal Iq in per unit), the torque is controlled by regulating the current using a current 
feedback loop. The Generalized FOC control of six phases PMSG is in Torque control mode 
is shown below 
converter
Selector
 
Figure 4‐5 FOC block diagram on a single synchronous rotating frame  
Speed Control Mode-speed is set to a reference value and the torque varies based on the 
loading of the system. Speed control mode is obtained by adding an outer speed control 
feedback loop to the torque controlled drive, as shown in Figure 4-5. Both speed and Torque 
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control mode operations have same inner control loop.  First the current control loop design is 
presented and latter the outer control loop. 
4.2.1. Design of inner control loop 
The output of inner control loops are inputs to PWM modulator which shapes the magnitude, 
frequency and phase angle of the converter voltage. The converter currents change according 
to the generator behavior and required loading. Therefore, current control loops design base 
on the basic relationship of the generator and converter model. Since the generator is directly 
connected to the converter, its terminal voltage is equal converter voltage. The converter 
voltages the become, the per unit system is chosen for controller design  
 
ݒ௖ௗ ൌ ݒௗ  
ݒ௖௤ ൌ ݒ௤  
(4.1)
 
ݒௗ ൌ ݎ௦݅ௗ ൅ ݈௦ ݀݅ௗ݀ݐ െ ݊ · ݔ௤ · ݅௤ 
ݒ௤ ൌ ݎ௦݅௤ ൅ ݈௦ ௗ௜೜ௗ௧ ൅ ݊ · ݔௗ · ݅ௗ +  ݁௤   
݁௤  ൌ ݊ ·  ߰௠ 
(4.2)
Converter voltages without vᇱୡୢ and vᇱୡ୯ cab be written as  
 
ݒᇱ௖ௗሺݏሻ ൌ ݎ௦݅ௗሺݏሻ ൅ ݏ݈ௗ݅ௗ(s)  
ݒᇱ௖௤ሺݏሻ ൌ ݎ௦݅௤ሺݏሻ ൅ ݏ݈௤݅௤(s)
(4.3)
 
݅ௗሺݏሻ
ݒᇱ௖ௗሺݏሻ ൌ
݅௤ሺݏሻ
ݒᇱ௖௤ሺݏሻ ൌ
1
ݎ௦ 
1
1 ൅ ݏ 
߬௔ ൌ ݈௤ݎ௦ ൌ
݈ௗ
ݎ௦ , ݂݋ݎ ܵܲܯܵܩ 
(4.4)
Putting the above equations together, the current control block diagram is given in Figure 4-6 
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Figure 4‐6 general block diagram of current controllers 
For physical implementation of the control, the delay introduced by the filters, delay 
introduced by digital to analog converter of current reading and delay introduced by the 
digital signal processor has to be taken into account. The d axis and q axis current loops are 
similar except their feed terms. Considering the feed terms as a disturbance the d axis and q 
axis current control loop can be simplified as shown in figure below. 
 
Figure 4‐7 current control loop (for both d & q axis) 
The Proportional Integrator (PI) regulator is represented transfer function as  
  ܩ௖ሺݏሻ ൌ ݇௣௜  ൅ ݇௜௜  1ݏ ൌ ݇௣௜
ሺ1 ൅ ௜ܶ௜ ݏሻ
௜ܶ௜ ݏ (4.5)
Where ݇௣௜and K୧ are proportional and integral constants, ௜ܶ௜ ൌ ௄೛೔௄೔೔   is integral time constant;  
The converters are modeled as first order function with time delay as  
 
ܥሺݏሻ ൌ ଵଵା ೡ் ௦  
௩ܶ  ൌ 0.5 ௦ܶ௪  
(4.6)
Where ௩ܶ delay introduced by the converter, and ௦ܶ௪ is the switching period. 
1
ݎ௦ 
1
1 ൅ ߬௔ ݏ ݇௣
ሺ1 ൅  ௜ܶ௜ ݏሻ
௜ܶ ௜ݏ  
1
1 ൅ ௗܶ௜ ݏ 
1
1 ൅ ௗܶ௔ ݏ
1
1 ൅ ௩ܶ ݏ 
1
1 ൅ ௙ܶ௜ ݏ 
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The delay introduced by digital calculation of the current control loop is represented by first 
order transfer function which has time constant ௗܶ௜ . This time delay is has to be checked from 
real time implementation. 
The current feedback has also a delay because of the analog to digital converter (ADC) which 
is approximated by first order function with time constant equal to ௗܶ௔ . This time constant is 
very small since it is taken care by the FPGA. It can be ignored. 
The measured current is passed through a low pass filter. The filter introduces delay of which 
is equal to its time constant ௙ܶ௜  
Therefore, the open loop transfer function of the current control loop becomes  
  ܩை௅೔ ൌ ݇௣௜ 
ሺ1 ൅  ௜ܶ௜ ݏሻ
௜ܶ௜ ݏ
1
1 ൅ ௗܶ௜ ݏ
1
1 ൅ ௩ܶ ݏ
1
1 ൅ ߬௔ ݏ
1
1 ൅ ௙ܶ௜ ݏ  (4.7)
ܩை ௅೔ can be arranged to have one large and one small non zero poles, 
 
ܩை௅೔ ൌ ݇௣௜ 
ሺ1 ൅  ௜ܶ௜ ݏሻ
௜ܶ௜ ݏ
1
1 ൅ ௜ܶ௦௨௠ ݏ
1
ݎ௦ 
1
1 ൅ ߬௔ ݏ 
௜ܶ௦௨௠ ൌ ௗܶ௜  ൅ ௩ܶ  ൅ ௙ܶ௜  
(4.8)
Modulus optimum criterion is base on the design objective of having the magnitude of closed 
loop response as flat as close to unity for as large frequency range as possible[29]. 
 
௜ܶ௜  ൌ ߬௔   ,  ߬௔   =௅೏ ோೞ  
݇௣௜  ൌ    ߬௔  כ ݎ௦ 2 ௜ܶ௦௨௠   
(4.9)
 
4.2.2. Outer controller Design 
The outer controller can be either torque constant in the torque control mode or speed 
regulator loop in  case of speed control mode. In both cases the d axis current reference is set 
to zero and the output of the regulators become reference current along q axis. 
Torque control  
The electrical torque of six phase PMSG in (d, q) subspace is shown (2.15)  
    Control 
  ݉௘ ൌ ߰௉ெ݅௤ ൌ ݇௧݅௤  (4.10)
Speed Control  
The speed control loop is shown in below,  
 
Figure 4‐8 Speed control loop 
Where, ݉௅ is mechanical Load torque,݇௧   is Torque constant, and ௠ܶ  is mechanical time 
constant. 
The speed controller is a PI regulator with  
  ܩ௪ሺݏሻ ൌ ݇௣ఠ  1 ൅ ௜ܶఠ ݏݏ (4.11)
Where ݇௣௪    and  ௜ܶఠ are the proportional gain and time integral of speed controller which are 
design parameters. 
The current control is approximated by the by first order function with time delay, ௘ܶ௤  
  ܩ௜௤ሺݏሻ ൌ ଵଵା ೐்೜ ௦   ,  ௘ܶ௤  ൌ 2 ௜ܶ௦௨௠   (4.12)
 
The delay introduced by calculation of speed control loop is represented by first order transfer 
function which has time constant ௗܶఠ it is found out that, the processor uses 1/100 of the 
speed loop sampling time, this may vary from program to program depending the number of 
instructions inside the speed interrupt;  
The speed is measured with an Encoder. The measured speed is passed through a digital low 
pass filter with time filter time constant ௙ܶఠ . The filter is designed with cut off frequency of 
70Hz; ௙ܶఠ  ൌ ଵଶగ଻଴ ൌ 2.274 ݉ݏ 
݇௣ఠ 1 ൅ ௜ܶఠ ݏ௜ܶఠ ݏ ݇௧
1
௠ܶ ݏ 
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From Figure 4-8, taking for disturbance݉௅, the speed control looks like  
 
Figure 4‐9 current control loop simplified 
The open loop Transfer function 
 
ܩை௅ఠሺݏሻ
ൌ ൬݇௣ఠ  1 ൅ ௜ܶఠ ݏ௜ܶఠ ݏ ൰ ቆ
݇௧ 
1 ൅ ௘ܶ௤ ݏቇ ൬
1
௠ܶ ݏ൰
1
1 ൅ ௗܶఠ ݏ   
1
1 ൅ ௙ܶఠ ݏ     (4.13)
 
Since the disturbance is not located at the reference input and the presence of free integrator 
in the plant, the symmetric optimum criterion is used to design the PI regulator rather than the 
modulus optimum which only optimizes the closed loop transfer function between the 
reference input and the variable to be controlled [29]. The open loop transfer function can be 
tailored so as to use symmetrical optimum criterion.  
 
ܩ௢௟ఠሺݏሻ ൌ ൬݇௣௪  1 ൅ ௜ܶఠ ݏ௜ܶఠ ݏ ൰ ൬
்݇
1 ൅ ఠܶ௦௨௠ ݏ൰ ൬
1
௠ܶݏ൰ 
 
ఠܶ௦௨௠ ൌ ௘ܶ௤ ൅ ௗܶఠ  + ௙ܶఠ
(4.14)
By using symmetrical optimum criteria  ݇௣ఠ    and ௜ܶఠ can be calculated for the given system  
 
 ݇௣ఠ ൌ ௠ܶ 2݇ ் ఠܶ௦௨௠  
௜ܶఠ ൌ 4 ఠܶ௦௨௠  
(4.15)
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4.3  Dual Synchronous Rotating Frame Current Control 
As name indicates, in this control strategy separate controller is used for each three phase groups.The 
six phase machine is considered as independent three phase machines connected to same shaft. It is 
based on individual transformations matrices. 
 
Figure 4‐10 General schematic of Generator converter system in two independent system 
The generator model is similar to ordinary three phase model. The two stator coils share same 
air gap flux which induces equivalent back emf on them. That means, the generator can be 
considered as a controllable voltage source connected across two RL elements connected in 
parallel, see Figure 4-10. 
Similar to the previous discussion, the Field oriented control strategy can be studied 
separately for torque control Mode and speed control mode. 
In Torque control mode, the speed of generator is load dependent and is free variable. The 
speed is directly governed by the inertia formula of the system.  The Torque control mode is 
shown below in Figure 4-11 when the selector connects the upper leg. 
In Speed control mode, the speed is set by the input reference. The electrical torque is a free 
variable and is equal to the load of the system at steady state. The toque is the inner loop of 
the speed control mode. The block diagram of the speed control mode of FOC is shown in 
Figure 4-11 when the selector connects to lower leg 
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Figure 4‐11 Speed control and Torque control, FOC 
All four PI controller are identical since the generator is surface mounted machine with 
Ld=Lq, which results in same time constants. Also both speed control mode and Torque 
control mode operations have similar inner control loop. Therefore, only one current control 
design is enough to show. 
The outer control is simple proportional controller in the case of control mode. On the other 
hand the outer controller of speed control mode is PI controller.  
4.3.1. Design of inner control loop 
Since the generator is directly connected to the converter, its terminal voltage is converter 
voltage. The converter voltages the become 
 
ݒௗ ൌ ݎ௦݅ௗ ൅ ݈௦ ݀݅ௗ݀ݐ െ ݊ · ݔ௤ · ݅௤ 
ݒ௤ ൌ ݎ௦݅௤ ൅ ݈௦ ௗ௜೜ௗ௧ ൅ ݊ · ݔௗ · ݅ௗ +  ݁௤   
݁௤  ൌ ݊ ·  ߰௠  
(4.16)
Equation 4.17 is exactly similar to Equation (4.2), and the inductance values of the three 
phase system are equal to six phase system. This is the case that the machine model is for 
concentrating winding in which there is little coupling intra phase group and inter phase 
groups. But this is not true in the case of distributed winding stators coils. Therefore, we can 
do away with the recalculation of current controllers. 
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Therefore, Both d axis d1 & d2 current, and q axis q1 & q2 controller from the inside looks 
like 
 
Figure 4‐12  Current controller block diagram of Figure 4‐11 
In order to be complete, the PI parameters become, similar to equation (4.9) 
 
ܩ௖ሺݏሻ ൌ ݇௣௜  ሺ1 ൅  ௜ܶ௜ ݏሻ௜ܶ௜ ݏ  
௜ܶ௜  ൌ ߬௔    
݇௣௜  ൌ    ߬௔  כ ݎ௦ 2 ௜ܶ௦௨௠  
(4.17)
 
4.3.2. Outer controller Design 
The outer controller can be torque controller or speed controller based on the required 
operating mode. In both cases the d axis current reference is set to zero for constant load angle 
at maximum torque operation is chosen. For wind energy systems the generator does not 
operate over the rated speed, so field weakening operation is not considered and therefore the 
magnet flux is at its rated value. 
Torque control 
The electrical torque of six phase PMSG in created in (d,q) subspace is shown torque equation 
(2.9)  
 
mୣ ൌ 12߰݉൫݅ݍ1 ൅ ݅ݍ2൯ 
mୣ ൌ ߰݉݅ݍ1,  ݅ݍ1 ൌ ݅ݍ1 
(4.18)
 
Speed Control Mode  
The speed control loop is similar to Figure 4-9. Following similar procedure, the PI 
parameters of the speed controller ܩ௖௪ሺݏሻ is equal to that of equation (4.15). It is rewritten  
    Control 
 
ܩ௖௪ሺݏሻ ൌ ݇௣ఠ  1 ൅ ௜ܶఠ ݏ௜ܶఠ ݏ  
݇௣ఠ ൌ ௠ܶ 2݇ ் ఠܶ௦௨௠  
௜ܶఠ ൌ 4 ఠܶ௦௨௠   
(4.19)
4.4  Dc LINK Voltage control 
4.4.1. DC link Model 
The DC link model is shown  
 
 
ܫ௖ ൌ ܫௗ௖ – ܫ௅  
ܫ௖  ൌ ܥ ݀ ௗܸ௖݀ݐ  
ܫ௅  ൌ ௏೏೎ோ   
(4.20)
From power balance equation (the active power component of the ac side is equal to the dc 
side power) and Iୢ ൌ 0 Control, the dc link current of the six phase system is 
 
ܫ஽஼ ൌ 3 ൬ ௤ܸ஽ܸ஼൰ ܫ௤ 
ܫ஽஼ଵ ൌ 32 ൬
௤ܸ
஽ܸ஼
൰ ܫ௤, ݂݋ݎ ݋݊݁ ݋݂ ܿ݋݊ݒ݁ݎݐ݁ݎ 
(4.21)
 
Per unit DC link Model is shown in Appendix B. 
4.4.2. DC link controller design 
Dual synchronous current control is used for current control. The dc link control block 
diagram is shown in figure below 
    Control 
β1
-
+
-
+ Id controller
Iq 
controller
Inverse
Park
Modulation
type
Current
Measurement
Angle 
Measurement
Clarke 
Modified 
Clarke 
Park
Park
-
+
-
+ Id controller
Iq 
controller
Inverse
Park
Id1
Id2
0
θ
θ
θ θ
converter
θ
0
0
α1
β1
α2
Park
β2
α2
β1
α1
β2
Vd1
Vq1
Vd2
Vq2
Id1
Iq1
Id2
Iq2
-
+ DC Link Controller
DC Link 
Reference
DC link Voltage 
Measurement
Load
DC Link
 
Figure  4‐13 DC link control structure 
The DC link controller is an outer controller. The structure of DC link Control is similar speed 
control except the speed is replace by dc link voltage. The general block diagram of the dc 
link controller is shown, 
  
 
The current controller is simplified to first order system with time delay of twice the sum of 
small time constants,  ௘ܶ௤  ൌ 2 ௜ܶ௦௨௠  
Sampling time of the outer control is taken 10 times the inner control loop sampling time. 
The delay introduced by the processor is  ௗܶ௩ .  
The ratio  ௩೜௩೏೎  can be taken 1 to make the analysis simpler and the PI regulator adjusts the error 
introduced by it. 
݇௣௩ 1 ൅ ௜ܶ௩ ݏ௜ܶ௩ ݏ  
1
௖ܶݏ 
1
1 ൅ ௘ܶ௤ ݏ
1
1 ൅ ௗܶ௩ ݏ
ݒ௤
ݒௗ௖ 
1
1 ൅ ௙ܶ௩ ݏ
ܣܦܥ 
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The filter for the dc link measurement has a filter time constant T୤୴ ൌ 0.02ms;  
The analog and digital conversion process is done by the FPGA, and takes literally no time 
compared to speed sampling time. It is not included in the feedback loop transfer function 
calculation. 
The time constant   ௖ܶ is equal to capacitor value in per unit.   
The open loop transfer function of the dc link control loop becomes 
 
ܩ௢௟ሺݏሻ ൌ ൬݇௣௩  1 ൅ ௜ܶ௩ ݏ௜ܶ௩ ݏ ൰൮
ݒ௤
ݒௗ௖
1 ൅ ௩ܶ௦௨௠ ݏ൲ ൬
1
௖ܶݏ൰ 
௩ܶ௦௨௠ ൌ ௗܶ௩ ൅ ௘ܶ௤ ൅ ௙ܶ௩ 
(4.22)
The open loop transfer function G୭୪ consists of double pole at origin. The system cannot be 
designed by cancelling the pole and zero, because it will result in two poles at origin and the 
system becomes unstable (with zero phase margins). 
Therefore, the dc link voltage PI regulator parameters are calculated using the symmetric 
optimum technique. The load current is disturbance to system. 
 
௩ܶ௦௨௠ ൌ ௘ܶ௤ ൅ ௗܶ௩  + ௙ܶ௩
௜ܶ௩ ൌ 4 ௩ܶ௦௨௠   
 ݇௣௩ ൌ ೎்ଶ௞ ೡ்ೞೠ೘   
(4.23)
 
So far, the controller parameters for current, speed and voltage control loops are designed and 
in chapters 6 the calculation of controller parameters values and tuning is presented. 
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5    Experimental Setup 
In this chapter the high level schematic of the laboratory set up is shown. The main components in the 
setup are further discussed. The software development and real time interaction tool are included. 
5.1  Setup 
The laboratory set up consists two machines (six phase PMSG and DC motor that are 
mounted on the same shaft with a torque Encoder in between), FPGA processor board, two 
inverters, three rectifiers, three Variacs, variable resistors, Encoder and many measurement 
instruments. The lab bench is equipped with both AC and DC power supply with full 
protection as well as voltage and current measurements. 
 
Figure 5‐1 overview of laboratory setup schematics 
The objective of the laboratory work is to control the six phase permanent magnet 
synchronous machine as a motor and as a generator. The DC machine acts as motor when 
permanent magnets synchronous machine is Generator mode operation, and DC machine 
becomes a load or generator when the permanent magnets synchronous machine is Motor 
mode operation. In order to achieve these modes of operation the arrangement of the source 
and load of the DC machine has to be taken care of by the user. 
Setup can be described as follow for two modes of operation. 
PM machine as a Motor -Motor Mode operation 
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The dc machine acts as a generator, the armature terminals of the dc machine either can be 
open for load operation or can be connected to variable resistance. And the six phase 
converter has to be supplied by the Rectifier 2. The loading dc generator can also be varied by 
continuously varying the excitation voltage at the output of Rectifier 1. 
The Load resistor RL is always disconnected.  
PM machine as Generator-Generator mode operation 
The dc machine run as a motor, the armature terminals has to be connected to dc power 
supply. The speed of PM generator (177 rpm) is very small compared to the rated speed of the 
dc machine (1500 rpm), the back emf of the dc motor is very small (the range of 20V).  
Taking this into account armature supply voltage is connected in two ways 
- The armature terminals are connected to 220 V DC power source from the board 
though a 50 Ohm resistor. This makes the dc motor as a constant current source or 
constant torque for a fixed excitation when it is seen from PM machine side. That 
means the power transfer is directly proportional to speed. Therefore, dc motor 
emulates wind turbine in the linear region of the power curve by which torque 
variation is done by the excitation control. 
- The armature terminals are directly connected across a variable voltage source at the 
output of Rectifier 3. Since the armature resistance is very small 1 Ohm, an increase in 
back emf has pronounced effect on loading. The dc machine act as a constant power 
source. 
From the PM generator side, the generator is connected to dc link by the two converters. The 
Load resistor has to be connected all the time in order to damp to power delivered by the PM 
generator. When constant dc link operation is need, Rectifier 1 maintains it. Dc link voltage 
control is done by disconnecting Rectifier 1 or by keeping its output voltage below the 
required range of dc link voltage control. 
5.2  Components  
5.2.1. The FPGA based processor board 
The processor board is designed by SINTEF Energy research for use in converter control 
system based on a Xilinx Virtex5 30 FXT FPGA. In order to use this board dedicated 
hardware IP circuitry inside the FPGA are required. These IP modules are interface modules, 
signal processing modules or miscellaneous m IP modules are available in [31] 
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Figure 5‐2 Main parts of FPGA based processor board [31] 
5.2.2.   Machines  
There are two machines, the six phase permanent magnet machine and dc machine as in 
Figure 5-2b.  
Six-Phase PMSG 
The PMSG is model of wind turbine generator with high torque and low speed operation. The 
machine has surface mounted rotor with 34 poles and 36 stator slots. The machine has 
concentrated stator coils with single layer winding configuration. That means there are only 
18 stator coils. 
Originally these 18 stators coils are arranged in such a way that the stator flux axis of the six 
phases are 60 degree separated. Since the interest of the work is to have 30 degree separation 
between the two three phase groups, reconnection of the stator windings has been done.  30 
degree separation can be obtained if and only if the number stator coils are an integer multiple 
of 12.  In this case, it is not possible to obtain exact 30 degree separation. But by systematic 
selection of the stator coils connection 33.2725 degree separation between the two groups is 
AD-converter
8 channel 12 bit
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•Power PC procssor
•306 kB RAM
•64 multipliers
128 MB Flash
64 kB Eeprom
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4x 12 bit
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Pulse encoder
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Signal inputs (6x) 
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Ethernet
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achieved. Figure 5-3a below shows the axial view from one side when it was opened for 
reconnection.  
                
(a)                                        (b) 
Figure 5‐3 (a) Six phase PMSG opened for reconnection of stator coils, (b) PM machine assemble with the dc machine 
DC machine is a separately excited 220 V, 7.5 kW, 50 Hz, 4 pole machines. It has 1 Ohm 
armature resistance. And 220 V and 2 A are rated parameters for the field winding.  
5.2.3. Six leg Converter 
Two identical converters modules are connected in parallel to a common dc link voltage to 
form the six leg arrangement. 
The inverter and rectifier used in the experimental work are developed in the Power 
Electronics group at NTNU and at SINTEF Energy AS. The inverter ratings are 20 kW, DC-
voltage 0- 650V, 3300uF Capacitor bank, 70 A maximum continuous current at 300 V DC 
and recommended switching frequency in the range 0 – 25 kHz. The converter module has 
gate drivers, hardware dead time generation, over load protection, over current and current 
limitations, and dc link voltage protections [32].  
    
(a)                 (b) 
Figure 5‐4 inverter module (a) ac output side, (b) driver card side 
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5.2.4. Current and Voltage Measurement, angle measurement 
LEM Current Transducer LA 205-S is used for current measurement. It has primary nominal 
current of 200A, and current transformation ration 1 to 2000. The detail data sheet is given in 
[33] Figure 5-5 (a) shows LEM current sensors mounted on the assembly plate.  
The rated current of the PMSG is 1.15 A.  in order to increase the accuracy of this small 
current compared to the rated current of the sensor, all the six  phase currents are wound in 10 
turns around the their respective sensor. For one of the three phase-groups current sensors are 
shown in Figure 5-5 (b) 
              
           (a)              (b) 
Figure 5‐5 LEM Current sensors (a) without current loop (b) with 10 current conductor loop 
DC link voltage is measured using LEM voltage measurement cards, voltage transducer LV 
25-600, which has primary nominal RMS voltage of 600 V and a conversion ratio of 600 V/ 
25 mA, given in[34] . 
Angle Measurement 
The relative position of the rotor is measured using incremental encoder mounted on the shaft. 
In order to find the absolute position initial angle detection has to be done. Speed of the shaft 
is simply the rate of change of the rotor position. 
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Figure 5‐6 drive system assembly  
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5.3  Drives development 
 
The software development part is done Xilinx C/C++ Software Development Kit. The 
different tasks in drive control are grouped in two, tasks which as to be done as fast as 
possible and tasks which gives time. To suit this, two interrupt routines are used, one is called 
fast interrupt routine and the other slow interrupt routine.    
The fast routine interrupt interrupts every PWM switching frequency, 5 kHz. All protection 
and measurement, inner current control loops and modulation is takes place in here.  
Therefore, the processor has to finish all the fast routine faster than the sampling time (200 us).  
Both sinusoidal and SVPWM modulations running, the fast subroutine took 150 us. This time 
can be minimized by using fixed point arithmetic and optimizing the code.  
 
Figure 5‐7 interrupts and program flow 
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Those routines which are not time critical, like outer control loop which is either speed 
control or dc link voltage control are place inside slow interrupt. The slow interrupt time is 
taken as 10 times of the fast interrupt time, 2000 us. Since there is no much process in this 
interrupt routine, it takes only 17 us to end the computation. 
5.3.1. State machine 
 
A state represents a specific internal and external behavior. It can only be terminated by 
means of defined events. Corresponding state transitions are assigned to events. Actions can 
be executed at a transition. The state’s response is altered at the transition. When the transition 
is ended, the current state is changed to the follow-up state.  
 
Figure 5‐8 Function X state machine 
The state machine .for the drive system is done according to DRIVECOM standard [35].it is 
shown in Figure below 
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Figure 5‐9 State Diagram 
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5.3.2. Real time interface­­­active DSP 
 
For real time interaction with the FPGA processor PowerPC 440, Active DSP V 1.507 is used.  
The application tool helps real time debugging, controlling and monitoring of variables and 
real time logging of variables [36],  
 
Figure 5‐10 Active DSP interface window 
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6    Simulation and Experimental Results  
6.1  Six phase PMSG testing  
 
Originally, the six- phase PMSG has two groups of three phases which are separated by 60 
deg. As it is explained before, it is not possible to obtain 30 deg separations between the two 
groups of the three phases. However, it found that 33.2725 deg is the nearest angle to 30 deg.   
No-load test 
The following three major tasks are performed. 
First the phase sequence of each phase groups, that is (a, b, c) and (x, y, z), are identified; 
phase sequence is important for control and reference transformation. Once the phase 
sequence is identified each coils are tagged for future use. The two phase groups are totally 
symmetrical. 
Second, Phase difference between the two groups of three phases is calculated. This is done 
by comparing waveforms on scope. The group (a, b, c) is marked as the leading phase group.  
 
Figure 6‐1  No Load Line voltages Vab (blue)and Vxy(yellow) six phase PMSG after rewinding 
The no load voltages of the six PM machine Vab and Vxy   is shown above, the time 
difference ∆t between them is 2 ms. The phase difference is measured by comparing the 
difference time with their frequency 46 Hz.   
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  ∆ߠ ൌ 2ߨ݂∆ݐ ݎܽ݀ 
∆ߠ ൌ 0.578 ݎܽ݀, ݋ݎ 33.12 ݀݁݃ 
(6.1)
 
The angle difference found by analytical calculation is 33.2725 deg, which perfectly matches 
with the measurement. 
Third, the No Load test is also used to estimate the PM flux linkage 
  λPM ൌ
√2V଴୪୧୬ୣ
√3ωୣ
 
V଴୪୧୬ୣ is line to line no load voltage(RMS) 
(6.2)
   
The No load line voltage is measured at different operating frequencies and the PM flux 
linkage is calculated is as seen in the Table below 
Table 6‐1measured No Load Line voltage and Calculated PM flux linkage a different frequency 
Frequency 
per unit 
Electrical 
Angular 
speed(rad/s)
Line to Line 
Voltage(V) 
CalculatedλPM 
(Wb) 
0.2 62.832 26.5 0.344365 
0.3 94.248 39.4 0.341333 
0.4 125.664 52.2 0.339167 
0.5 157.08 65.5 0.340467 
0.6 188.496 78.5 0.340034 
0.7 219.912 91.5 0.339724 
0.8 251.328 105 0.341117 
0.9 282.744 117.8 0.340178 
1.0 314.16 131 0.340467 
 
From the table above, the permanent flux linkage is constant around 0.34. 
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The phase inductance and dc resistance of the PM machine are measured, and found 140 mH 
and 17 Ohm. 
The generator parameters are given as follows  
Table 6‐2 Six‐Phase PMSG parameters 
Parameter Value 
Nominal current 1.15 A 
Nominal Back emf 131 V 
Frequency  50 Hz 
Torque  24 Nm 
Pole Pair 17 
Inductance 140 mH 
Resistance 17 Ohm 
PM flux linkage 0.344 Wb 
Efficiency  0.32 
These parameters are used for the calculation of base values of per unit system. The PM 
machine is recommended to run below 0.3 pu (15 Hz) speed since it is designed typically for 
low speed application.  
 
6.2  Parameter Tuning 
6.2.1. Current controller Test 
 
Open loop transfer function of the current control loop is given by equation (4.8) chapter 4.2.1; 
its second order approximation, which has one small and one large time constants, is also 
given by   
  ܩை௅೔ ൌ ݇௣௜ 
ሺ1 ൅  ௜ܶ௜ ݏሻ
௜ܶ௜ ݏ
1
1 ൅ ௜ܶ௦௨௠ ݏ
1
ݎ௦
1
1 ൅ ߬௔ ݏ (6.3)
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Controller transfer is tuned using modulus optimum criteria 
 
ܩ௖ሺݏሻ ൌ ݇௣௜  ൅  ݇௜௜  1ݏ ൌ ݇௣௜
ሺ1 ൅ ௜ܶ௜ ݏሻ
௜ܶ௜ ݏ  
௦݂  ൌ 5 ݇ܪݖ,  ௦ܶ  ൌ 0.2 ݉ݏ 
ௗܶ௜ ൌ 0.5 ௦ܶ ൌ 0.1 ݉ݏ 
௩ܶ ൌ 0.5 ௦ܶ ൌ 0.1 ݉ݏ 
௙ܶ௜  ൌ 1 ݉ݏ݁,  
߬௔  ൌ ௅೏ ோೞ  ൌ
௟೏ 
௥ೞ  ൌ 
௟೏ 
௥ೞ  
௜ܶ௜  ൌ ߬ܽ ,  , ݇௣௜  ൌ ߬ܽ ݎݏ 2ܶ݅ݏݑ݉  
௜ܶ௦௨௠ ൌ ௗܶ௜  ൅ ௩ܶ  ൅ ௙ܶ௜  
(6.4)
 
The switching frequency of the converters is 5 kHz. The interrupt of the current control loop 
has the same frequency of the switching frequency. That means, currents are sampled every 
PWM period. The time delay introduced by the converters is half of the sampling frequency 
and the processor delay is taken  
 
߬௔  ൌ 0.1417 ൌ 8.235 ݉ݏ 
௜ܶ௦௨௠ ൌ ௗܶ௜  ൅ ௩ܶ  ൅ ௙ܶ௜ ൌ ሺ0.1 ൅ 0.1 ൅ 1.0ሻ݉ݏ ൌ 1.3 ݉ݏ 
(6.5)
 
Using Modulus optimum criteria,  
 
ܩ௖ሺݏሻ ൌ ݇௣௜  ൅  ݇௜௜  1ݏ ൌ ݇௣௜
ሺ1 ൅ ௜ܶ௜ ݏሻ
௜ܶ௜ ݏ  
 
௜ܶ௜  ൌ ߬௔  ൌ 0.008235ݏ݁ܿ ൌ 8.235݉ݏ݁ܿ 
݇௣௜  ൌ    ߬௔  כ ݎ௦ 2 ௜ܶ௦௨௠  ൌ 0.88935 
(6.6)
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The open loop transfer function is then becomes 
ܩை௅೔ ൌ 3.4313 
1
0.008235ݏ 
1
1 ൅ 0.0001ݏ
1
1 ൅ 0.0001ݏ
1
1 ൅ 0.001ݏ
1
1 ൅ 0.008235ݏ , ݋ݎ݈݅݃݅݊ܽ 
ܩை௅೔ ൌ 3.4313 
1
0.008235ݏ 
1
1 ൅ 0.0012 , ݏ݁ܿ݋݊݀ ݋ݎ݀݁ݎ ܽ݌݌ݎ݋ݔ݅݉ܽݐ݁݀ ݁ݍݑ݅ݒ݈ܽ݁݊ݐ ݏݕݐ݁݉ 
The bode plots of the original and its second order approximation is shown in Figure 6-2, 
As it can be seen from Figure 6-2 below, the minimum stability margins are 22.4 dB (Gain 
Margin) and 65.5 deg. (Phase Margin). The second order approximation of open loop current 
transfer function has same phase margin but its phase margin is over estimated, which is 
infinity.   
 
Figure 6‐2 Bode Diagram of current control Open loop Transfer function (original, second order approximation) 
For real time implementation of controllers on DSP, the discrete z domain equivalent of GOL౟ 
is considered.  
 
ܩை௅೔ሺݏሻ ൌ 3.4313 
1
0.008235ݏ
1
1 ൅ 0.0012ݏ 
ܩை௅೔ሺܼሻ ൌ
0.006574 ݖ  ൅  0.006219
ݖଶ  െ  1.846 ݖ ൅ 0.8465
(6.7)
For sampling frequency of fୱ  ൌ 5 kHz,  the stability limit of the discrete system is shown 
figure below, and is compared to its continuous  s domain equivalent. 
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Figure 6‐3 Bode Diagram of Current‐open loop Transfer function (discrete, continuous) 
Digital implementation of regulator deteriorates the stability margins of the equivalent 
continuous system. The digital implementation of the designed current controller, the second 
order approximation, has Gain margin of 27.7 dB and Phase margin of 63.4 deg. Therefore, 
the closed system is stable. 
Now the time response of the current control is tested, and it has an Overshoot of 4.32%, Rise 
time of 3.6 ms and Settling time (within 2%) of 10 ms 
 
Figure 6‐4  Discrete Step response of Current control Loop 
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Figure 6‐5 Step response of Current control loop (step change of 0 to 0.5 pu) 
 The laboratory measured current control loop time response is over damped. 
6.2.2. Torque Controller Test 
The torque of six phase machine is shown (4.15)  and (4.18)  
Since the peak value of the back emf of the generator is chosen as the base voltage, the per 
unit permanent magnet flux becomes 1, ψ୫ ൌ 1 which makes the per unit torque equal to per 
unit current. Or simply the torque constant kT ൌ 1 
6.2.3. Speed Controller Test 
From section 4.2.3, the speed controller open loop transfer function, also calculated time 
constants are given. It is summarized as follows 
 
ܩ௢௟ఠሺݏሻ
ൌ ൬݇௣ఠ   1 ൅ ௜ܶఠ ݏ௜ܶఠ ݏ ൰
்݇
1 ൅ ௘ܶ௤ ݏ
1
௠ܶ ݏ
1
1 ൅ ௗܶఠ ݏ   
1
1 ൅ ௙ܶఠ ݏ    
௦ܶ  ൌ 10 ௦ܶ௪  ൌ 2 ݉ݏ; 10 ݐ݅݉݁ݏ ݐ݄݁ ݏݓ݅ݐ݄ܿ݅݊݃ ݐ݅݉݁ 
ௗܶఠ  ൌ 0.01 ௦ܶ  ൌ 0.02 ݉ݏ  
௙ܶఠ  ൌ 2.274 ݉ݏ 
௘ܶ௤  ൌ 2 ௜ܶ௦௨௠  ൌ 2.4 ݉ݏ 
ఠܶ௦௨௠ ൌ ௘ܶ௤ ൅ ௗܶఠ  ൅ ௙ܶఠ ൌ 2.4 ൅ 0.02 ൅ 2.274 ൌ 4.694 ݉ݏ 
(6.8)
 
The speed controller parameters are calculated using symmetric optimum method, as is shown 
below 
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ܩ௖ఠሺݏሻ ൌ ݇௣ఠ   1 ൅ ௜ܶఠ ݏ௜ܶఠ ݏ  
௜ܶఠ ൌ 4 ఠܶ௦௨௠  ൌ 18.77 ݉ݏ 
݇௣ఠ ൌ ௠ܶ 2݇ ் ఠܶ௦௨௠  ൌ 100.7251 ௠ܶ ൌ 0.5 
(6.9)
 
The total equivalent inertia of the system is estimated to be  Jୣ୯  ൌ 0.00758  Kg mଶ⁄  and in 
per unit systemT୫ ൌ 5 ms. 
Putting the time constants in place, the open loop transfer function f of speed control loop is 
 
ܩ௢௟ఠሺݏሻ
ൌ ൬0.5 1 ൅ 0.01877ݏ0.01877ݏ ൰
1
1 ൅ 0.0024ݏ
1
1 ൅ 0.00002ݏ   
1
1 ൅ 0.002274ݏ
1
0.005ݏ 
ܩ௢௟ఠሺݏሻ ൌ ൬0.5 1 ൅ 0.01877ݏ0.01877ݏ ൰
1
1 ൅ 0.004694ݏ
1
0.005ݏ , ܽ݌݌ݎ݋ݔ݅݉ܽݐ݁݀ 
(6.10)
Bode diagrams are drawn and the approximated system matches the original system within 
the stability limits. The stability limits (Phase margin, Gain Margin) are (35.4 deg, 16 dB) and 
(33.2 deg, infinity dB) for original and approximated speed control loop, as seen in Figure 
 
Figure 6‐6 Bode Diagram of open loop transfer function of Speed control loop 
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    Simulation &Experimental Results 
For real time implementation of controllers on DSP, the discrete z domain equivalent of GOL౟ 
is considered. To see the effect of controller in discrete and continuous frequency domains, 
the approximated open loop speed loop transfer function is taken and its z domain transfer 
function is  
 
ܩ௢௟ఠሺݏሻ ൌ ൬0.5 1 ൅ 0.01877ݏ0.01877ݏ ൰
1
1 ൅ 0.004694ݏ
1
0.005ݏ 
ܩ௢௟ఠሺܼሻ ൌ 0.0009678 z
ଶ ൅ 0.0009474  
zଷ  െ  2.958zଶ ൅ 2.917 z െ 0.9583 
(6.11)
For sampling frequency of fୱ  ൌ 5 kHz,  the stability limit of the discrete system is shown 
figure below and is compared to its continuous  s domain equivalent. 
 
Figure 6‐7 Bode Diagram of Speed control‐open loop Transfer function (discrete, continuous) 
The digital implementation of the designed speed controller-approximated has Gain margin of 
30.3 dB and Phase margin of 32.1 deg. Therefore, the closed system is stable. Digital 
implementation of regulator deteriorates the stability margins of the equivalent continuous 
system.  
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In time domain, the step response of the speed control is tested, and it has an Overshoot of 
46.5%, Rise time of 6 ms and Settling time (within 2%) of 57 ms 
 
Figure 6‐8 Discrete Step response of Speed control Loop‐ probe 3 
 
 
Figure 6‐9  Step response of Speed control Loop‐ probe 3 (step change in speed from 0 to 0.7 pu) 
6.2.4. DC link Voltage Controller Tuning 
From section 4.2.4, the DC link voltage controller- open loop transfer function and also 
calculated time constants are given. It is summarized as follows 
 
ܩை௅ೡሺݏሻ ൌ ൬݇௣௩ 
1 ൅ ௜ܶ௩ ݏ
௜ܶ௩ ݏ ൰ ൬
1
1 ൅ ௩ܶ௦௨௠ ݏ൰ ൬
1
௖ܶ ݏ൰ 
ܿ ൌ ܥ · ܼ஽஼௕  ൌ 0.573 
(6.12)
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௖ܶ  ൌ 1߱௕ ܿ ൌ 5.55 ݉ݏ 
  ௙ܶ௩ ൌ 0.02݉ݏ 
  ௗܶ௩  ൌ 0.01 ௦ܶ௪  ൌ 0.02݉ݏ 
  ௘ܶ௤  ൌ 2 ௜ܶ௦௨௠  ൌ 2.4 ݉ݏ 
௩ܶ௦௨௠ ൌ ௗܶ௩ ൅ ௘ܶ௤ ൅ ௙ܶ௩ ൌ 2.44 ݉ݏ 
 
The dc link regulator parameters are calculated using symmetric optimum method, as is 
shown below 
 
ܩ௖௩ሺݏሻ ൌ ݇௣௩  1 ൅ ௜ܶ௩ ݏ௜ܶ௩ ݏ  
௜ܶ௩ ൌ 4 ௩ܶ௦௨௠  ൌ 9.76 ݉ݏ 
 ݇௣௩ ൌ ௖ܶ 2 ௩ܶ௦௨௠  ൌ 1.4, 
(6.13)
 
Putting the time constants in place, the open loop transfer function f of dc link control loop is 
 
ܩை௅ೡሺݏሻ ൌ ൬݇௣௩ 
1 ൅ ௜ܶ௩ ݏ
௜ܶ௩ ݏ ൰ ൬
1
1 ൅ ௩ܶ௦௨௠ ݏ൰ ൬
1
ܿݏ൰ 
ܩ௢௟ఠሺݏሻ ൌ ൬0.5 1 ൅ 0.00976ݏ0.00976ݏ ൰
1
1 ൅ 0.00244ݏ
1
0.00555ݏ , ܽ݌݌ݎ݋ݔ݅݉ܽݐ݁݀ 
(6.14)
 
Bode diagrams are drawn and the approximated system matches the original system well 
within the stability limits. The stability limits are Phase Margin of 36.6 deg and Gain Margin 
of 37.5 dB as seen Figure below 
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Figure 6‐10 Bode Diagram of open loop transfer function of dc link voltage control loop 
For real time implementation of controllers on DSP, the discrete z domain equivalent of GOL౬ 
is considered. To see the effect of controller in discrete and continuous frequency domains, 
the approximated open loop speed loop transfer function is taken and its z domain transfer 
function is  
 
ܩ௢௟ఠሺݏሻ ൌ ൬0.5 1 ൅ 0.01877ݏ0.01877ݏ ൰
1
1 ൅ 0.004694ݏ
1
0.005ݏ 
ܩ௢௟ఠሺܼሻ ൌ 0.002 z
ଶ ൅ 4.554eିଽ z െ 0.001945
zଷ  െ  2.921zଶ ൅ 2.8243 z െ 0.92133 
(6.15)
For sampling frequency of fୱ  ൌ 5 kHz,  the stability limit of the discrete system is shown 
figure below and is compared to its continuous  s domain equivalent. 
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Figure 6‐11 Bode Diagram of dc link voltage control‐open loop Transfer function (discrete, continuous) 
The digital implementation of the designed dc link voltage controller-approximated has Gain 
margin of 29.5 dB and Phase margin of 35.2 deg. Therefore, the closed system is stable. The 
gain cross over frequency is 36.6 deg at 238 rad/s(37.88Hz) which is 13 times smaller than 
the sampling frequency 500Hz . 
In time domain, the step response of the speed control is tested, and it has an Overshoot of 
43.6%, Rise time of 4.55 ms and Settling time (within 2%) of 33.3 ms. 
 
Figure 6‐12  Discrete Step response of dc link voltage control Loop‐ probe 
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6.3   Rotor angle alignment PM rotor and Starting  
An Encoder is used to measure the speed and position of the rotor.  This position is not the 
absolute position. Therefore the position of the rotor flux is unknown. The initial position of 
the rotor flux has to be known for the proper operation of vector control. Rotor position 
alignment can be done by applying constant voltage across the stator windings to obtain a 
constant stator current flowing in the coils which then creates stator flux. The rotor flux 
automatically aligns itself onto the stator flux and locked there until the stator flux is changed. 
This position is taken as the initial angle of rotor position. 
For six phases PMSM, the rotor alignment is performed with respect to one phase group and 
keeping the current in the other phase group zero. The stator current vector are set Iq1=0.5, 
Id1=0 and iq2=0, id2=0; and an arbitrary angular position for inverse park transformation is 
chosen is to be -90 deg. This lead to an equivalent phase currents Ia=0.5, Ib=Ic= -0.25 and 
Ix=Iy=Iz=0. 
            
  (a)        (b)                                                                 (c) 
Figure 6‐13 initial Rotor alignment step by step pictorial representation 
 
This can be shown in figures, at Figure above (a) the rotor flux is at temporary angle θr. When 
the rotor align function is activated the values of the stator current vectors are set to   Iq1=0.5, 
Id1=0 and iq2=0, id2=0; and an arbitrary angular position θr =-90 deg. Figure (b) shows rotor 
flux is known and is aligned to q axis. To align rotor flux with the d axis at start up, 90 
electrical degrees is added or simply the stator current (d, q) plane is rotated by 90 deg. Then 
d axis is aligned rotor flux as seen in figure (c). Now the rotor starts to rotate to catch up with 
the stator current, meanwhile the control maintains stator current along q axis which leads to a 
continuous rotation of the rotor. 
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Experimentally the duration of the rotor alignment time can be adjusted online, Figure blow 
the first stage when there are no current in the stator windings second stage is alignment stage 
when dc current is flows through phase group 1. For 1.2 s the rotor is stalled. As it can be seen 
the value of the stator currents are same as preset values and this makes sure that the machine 
from heating.  
 
Figure 6‐14 stator currents of phase group 1 during starting [probe 100mV/A] 
Since phase group 2 is not participated in the alignment process, they are all there during 
alignment stage. It can be seen that at point where the current in the phase group 1 is step 
changed, transient current is induced in the phase group 2 to oppose the change in flux.  
.  
 
 
Figure 6‐15 stator current of the second phase group during starting [probe 100mV/A] 
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During startup, the six-phase PMSM can be either torque control mode or speed mode. It is 
wise to start in speed control mode with no load. This makes sure both speed and stator 
currents are limited.   
6.4  Motor Mode operation 
In motor mode operation, the PM machine drives the dc machine. The performance of the 
control is tested.   
6.4.1. Torque Control Mode 
Torque control mode is when the output torque of the six –phase PMSM is control variable; 
the converters operate so that the motor can manage to deliver the preset torque reference. 
That means speed is free variable within the power limit. 
One of the performance indicators of closed loop control is step response.  
The step response of the torque can is same as step response of torque producing current in 
per unit system since pu torque is equal to pu q axis current, see appendix. Step response of 
torque is given below, 
 
Figure 6‐16 step response of torque from 0‐0.5 pu (probe‐2.5V/pu) 
  
As it can be seen from torque response, the close loop system is over damped. It is a typical 
characteristic of modulus optimum criteria tuned controller in the system. For safety of the 
machine it is only 0.5 pu(12 Nm) torque step charge is made.  The transient of stator currents 
have fast response and no overshoot and, are shown in Appendix D . 
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During normal operation torque reference are ramped to the reference value. It is only in for 
test purpose in which the control variables change at no time or in step. Therefore, the 
response of torque controller for different set points is shown below, 
 
Figure  6‐17 Measured stator currents for Change in Torque reference(probe4) in Normal Operation[probe1,2,3 100mV/A, 
and probe4 2.5V/pu] 
 Next, constant torque and variable speed operation is done. To do so, the torque is fixed to 
reference value and the excitation of the dc generator is changed. For test purpose PM torque 
is set to 0.2 pu and the excitation of the dc machine is reduced by half and then back to 
previous. 
When the excitation of the dc generator is reduced both its back emf and torque decrease from 
dc machine characteristics. Here, the converter delivers more power so as to keep the torque 
at set point. This result an increase in speed of PM machine until the current in the dc 
generator produces torque which equals to set value; speeding up of PM machine increases 
the induced back emf therefore the controller increases the duty cycle so as to increase the 
converter output voltage; the reverse process occurs when the excitation increases again. The 
converter switching voltages, motor speed and torque are measure as shown below   
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Figure 6‐18 Torque (probe4), line voltage (probe2) and speed (probe3) during DC excitation change [probe3, 4‐2.5V/pu,  
probe 2‐1/1] 
It is possible to change the drive from torque control mode to directly speed control mode. 
The dynamic behavior of one of the stator current is shown in appendix D. 
6.4.2. Speed Control Mode 
In Speed control mode, motor speed is the control variable whiles the torque or stator currents 
are free variable. Speed control loop is the outer control loop to the torque or current control 
loop. The step change in speed in sequence of [0 0.4 0.7 0] pu is applied to the drive and the 
measured speed, stator phase a current and torque are measured. Then speed reference is 
increased, the controller forces the drive system speed to follow the speed command. When 
the dc machine speed up, its back emf increases then the current delivered to the passive load 
increases. Thereby demanding more torque from PM machine. The PM machine extracts 
more current from the converter for sustain increase in speed. Reverse processor occurs for 
decrease in speed reference. 
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Figure  6‐19  Speed(probe3), stator phase current (probe1) and torque(probe3) for step changes in speed,[probe1,2 
2.5V/pu, probe1 100mV/A] 
 
Another test event is keeping the speed reference while the load is changing or simple 
constant speed and variable load operation. This is done by setting speed at a reference value 
and changing the excitation of the dc machine.  
Initially the PM machine is at no load (0.05pu) with zero dc excitation and running at 0.5 pu 
speed, and then the excitation of the dc machine is varied to full-half-zero excitation manually. 
This change in excitation results a directly proportional change in torque. An increase in 
excitation increases the torque of the dc motor and PM motor. This result in an increase 
output of converter current. Meantime, the dc machine tends to decrease its speed when its 
excitation increases as it seen in the speed response. When the excitation decreases the dc 
motor tends to accelerate but the controller keep the speed at the pre set value at steady state.  
This can be seen in figure below, all the measurements use same probe, unless specified 
current measurements have scaling factor 100 mV/ A and torque and speed measurements 
have scaling factor of 2.5V/ pu. 
 
Figure 6‐20 constant speed ‐variable load operation [probe1 speed, probe2 stator phase current, probe3 torque] 
The above test is also recorded from Active DSP data logger window, which shows a very 
fast change since there is no filters included there see Appendix D 
6.4.3. Disabling of one Inverter 
One of the advantages of this setup its capability to deliver power when one converter is 
disabled without affecting the other phase group. Two test cases are taken. How the 
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controller’s response during converter failure-disabling to deliver the reference torque or 
speed. 
First case, the six phase machine is running in torque control mode and one of the converters 
is disabled. For the reference torque 0.5 pu, the six phase machine is running at 0.59 pu speed. 
The torque reference of each inverter is same as reference torque in pu in separate or dual 
current controller control, 0.5 pu. When one of the converters disabled, the other inverter 
provides torque which is equal to its reference. That means the total torque production is 
reduced by half. 
The total torque measurement is taken from torque meter installed on shaft coupling the PM 
machine and dc machine. Following figure shows when inverter 2 is disabled and the enabled 
after 4.5 s; while the inverter 2 is disable, torque reference of inverter 2 becomes zero, torque 
reference of inverter 1 remains unchanged, and the total toque and speed of motor reduced by 
half.  
 i  
Figure 6‐21 disabling and enabling of inverter 2, Measured Iq1 (probe2), Iq2 (probe3), shaft torque (probe1) and speed 
(probe4) [probe1 5Nm/1V or 5V/pu] 
The shaft torque is set so that it negative for generator mode of dc machine or motor mode 
operation of PM machine. A closer look for transients is given  Appendix D. 
The Above case is not always true; it depends on structure of control used. For single 
synchronous rotating current control of six phase machine, even if one of the converts fails, 
the controller demands total reference torque in what so ever means the current is divided 
between the twice the pre fault current. These results in current imbalance problems even 
imbalances are recovered. 
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The second case which is interesting to see is that when one of the inverters fails whiles the 
six-phase PM machine is on speed control mode. It is obvious that speed controller is outer 
while is current (torque) is inner controller. When one of the inverters is disabled, the speed 
controller does not understand this; and as long as there is error between the reference and 
measured value, it tries to accumulate the discrepancies and force the converter to follow the 
reference command. Therefore, the speed controller makes sure that the speed is always at its 
reference value. The dc machine excitation is kept constant during disabling and enable of 
inverters. That means the dc machine delivers always delivers constant current as long as the 
speed is constant (constant back emf). In other word, both the speed and torque of the six 
phase machine will remain constant at steady state when one of the inverters is disabled. 
Therefore in order to keep the shaft toque constant in the current in one of the inverters has 
increase by fold of two. This case is shown by disabling and then enabling of inverter 1 as 
shown below; initially the generator was operating at reference speed of 0.3 pu(15Hz) speed, 
and delivering torque of 0.27 pu ( 7Nm) . Inverter 1 is disabled for 3 s. 
 
Figure 6‐22 disabling of inverter 1 in speed control mode of drive; shaft torque (probe1), phase a stator current of 
inverter1 (probe2), phase x stator current inverter2 (probe3) & speed (probe4) 
There is larger transient or overshoot in the current waveforms as it is reflected on the torque. 
This is the consequence of symmetric optimum criteria which allow considerable overshoot. 
But the response is fast enough. See appendix, zoomed in pictures around the disturbance  
6.5  Generator Mode operation­Generator Control 
In Generator mode operation, the six phase PM machine acts as a generator driven by the dc 
motor. From the control point of view both motor mode operation and generator mode 
operation. The only difference is the direction of power flow, power flows from the generator 
ac to dc. To damp this power a resistor is connected across the dc link. 
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The dc machine acts can be arranged to act as a constant current source or constant power 
source element based on how the armature windings are connected to dc source for a fixed 
excitation. For normal operation the back emf the dc motor is always very small compared to 
its nominal value since the nominal speed of the PM machine is 8 times smaller than the 
nominal speed of dc machine. Therefore, by connecting the armature of the dc machine to its 
nominal value (220V) through a large resistance (50 Ohm), the dc machine acts as a constant 
current source at fixed excitation for the PM machine. This can emulate the linear region of 
the power curve of wind turbine generator. The torque change can only be achieved by 
changing the excitation of the dc machine. 
The normal behavior of dc motor can be achieved by connecting a variable dc source directly 
to the armature windings directly to armature terminals without large armature series resistor. 
The armature current at zero or low speed operation can be limited by a continuously 
changing the variable dc source manually. 
 
Figure 6‐23  setup for generator mode control for a constant dc link voltage 
The over view of the laboratory setup is as shown above. The dc link voltage is kept constant 
by the diode rectifier. A resistive load is connected across the dc link which draws constant 
power for a constant dc link voltage. 
When the six -phase PM machine is at stand still the rectifier delivers full current/power to the 
load RL. And when the PM generator is operated power flows from the generator to 
converters; since the load consumes constant power at constant voltage, the rectifier reduces 
the power delivered to the load. When the power production of the generator increases, the 
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power production of the rectifier decreases.  If generator power production increases above 
the point where the rectifier contributes nothing, the dc link voltage becomes no more 
constant.  Therefore, the resistance RL is chosen to consume at least the rated power of the 
generator at rated current.  
6.5.1. Speed Control Mode 
As it is discussed above, the dc motor armatures are connected to 220V dc through a 50 Ohm 
armature series resistor, the motor acts as torque source. At constant speed operation is 
maintained by the converter, the only way to control the power transfer is by changing the 
input torque by varying the excitation of the dc machine.  
To calculate the total power transfer from the two converters to the resistive load RL, the 
current from the output of the rectifier is measure. In the other way the power delivered by the 
generator is equal to the power saved by the Rectifier2.  Following table shows when the 
excitation of the dc machine is varied from zero to full while the six-phase PMSG is 
maintained at 0.3 pu speed.  
Table 6‐3 Measured Generator torque and rectifier current –by varying dc excitation at 0.3 pu speed 
Generator Torque  0.622 0.6 0.565 0.533 0.508 0.483 0.461 0.447 0.431 0.42 
Rectifier2 Current 0.025 0 -0.05 -0.1 -0.15 -0.2 -0.25 -0.3 -0.35 -0.39
Similarly, for 0.5 pu speed operation and excitation change from zero to full is shown below  
Table  6‐4 Measured Generator Torque and rectifier current by varying excitation at 0.5 pu speed 
Generator 
Torque 
0.646 0.602 0.533 0.466 0.404 0.383 0.293 0.243 0.195 0.172
Rectifier2 
Current 
0.003 0 -0.05 -0.1 -0.15 -0.2 -0.25 -0.3 -0.35 -0.38 
 
Both tests show that the current contribution from the rectifier decrease when the torque of the 
PM machine is increased (sign generator mode operation). 
From the two tables the power contribution from the rectifier which is inversely proportional 
to the power delivered by the six-phase PMSG. 
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Figure 6‐24 Power delivered by the rectifier to the Load 
This emulates the linear range of the power curve of wind turbine. 
 
6.5.2. Disabling of one Inverter 
 
The system can operate successfully one one inverter is failed.  
 
 
Figure 6‐25 inverter 1 disabled, probe2 current a 
-0.4 -0.35 -0.3 -0.25 -0.2 -0.15 -0.1 -0.05 0 0.05
20
40
60
80
100
120
140
Generator Torque(pu)
R
ec
tif
ei
rP
ow
er
(W
)
 
 
0.5pu speed
0.3pu speed
    Simulation &Experimental Results 
 
Figure 6‐26 inverter 1 disable, probe2 current in the phase group 2 
 
 
6.5.3. Torque Control Mode 
 
When the dc motor operates as a constant torque, torque control mode is of no interest. Both 
the source and load as a constant torque operation results in either acceleration or stall of the 
generator. The generator accelerates when the reference torque, acts as load, is smaller than 
the dc motor torque and the generator stalls when the reference torque is of is larger.  
Therefore, in order to have a continuous change is torque without acceleration or stalling the 
setup is modified by changing the supply of the dc motor to a variable voltage source 
(Rectifier3) and no series resistance. In this case, the dc motor acts as a constant power source. 
 
Figure  6‐27 Measured shaft torque(probe1) , stator phase a current (probe2) , stator phase x current and speed (probe4) 
[ probe1 5V/pu] 
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 Decreasing the reference load torque increases the speed of the drive.  Initially the dc motor 
is delivering power to the converter and has reached steady state.  When the converter 
decreases its torque demand, the dc motor tends to accelerate which increases its back emf. 
This results in smaller armature current, since the back emf is comparable to the armature 
voltage. Then the dc motor reduces its torque. A close up near a the disturbance are shown in 
Appendix D   
6.6  Generator Mode operation –DC voltage Control 
In the case of grid connected wind turbine, there are two control strategies. The first strategy 
is when grid side converter controls the dc link and the machine side converter controls the 
generator. This is most common method. And the second strategy is when the machine side 
converter controls the dc link voltage and the grid side converter controls the generator power. 
Therefore, this control is studied for completeness, and show the capability of the proposed 
converter topology. 
6.6.1. Performance of DC link Controller 
Test case 1:  changing the excitation of dc motor at constant dc link voltage control 
Reference dc link voltage is set to 0.5 pu and the generator was operating at 0.43 u speed. The 
dc motor excitation increases from half excitation to full excitation.  
 
Figure  6‐28 constant dc link variable load operation 
 
The dc link voltage step change is also shown in figure below 
    Simulation &Experimental Results 
 
Figure  6‐29 DC link voltage changes 
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7    Conclusion and Further work 
Conclusion  
Offshore wind energy system has to be lighter in weight, more compact in size and more 
reliable in operation. In this project, six phase permanent magnet synchronous generator-six 
leg converter system is proposed for offshore wind energy conversion system.  
The optimal angle difference between the two three phase groups is 30 degree. The PM 
generator at hand was originally three phase machine.  Rewinding of stator coils is done in 
order to obtain six phase machine with a separation angle between phase groups as close to 30 
degree.  And 33.2725 degree is the nearest angle which is possible to obtain in symmetrical 
systems of each phase group. This theoretical angle difference perfectly matches with that is 
tested in the laboratory. 
Six phase PMSG having 33.2725 degree difference is modeled. 
Design of vector control of six phase PMSG is developed using both a single synchronous 
rotating frame current control and dual synchronous rotating frame current control. For a 
single layer concentrated winding six phase PMSG, the coupling inductance is very small 
compared to self inductance. This makes the current and speed control loops same in both 
control strategies. 
Vector control strategy, zero d axis control, is also tested when six phase machine operate as a 
Motor. Torque control and speed control operation is archived.  
Vector control strategy, zero d axis control, is also tested when six phase machine operate as a 
generator. Torque control and speed control operation is archived. The linear part of the wind 
turbine power curve is emulated by making the dc machine constant torque source controlled 
by its excitation.  
In wind energy system, the machine side converter has always not been used for generator 
speed or torque control. Dc link control using six phase converter is designed and 
implemented. Dc link voltage control was not as robust as speed control of generator. A very 
large disturbance may bring the system unstable. 
    Simulation &Experimental Results 
All the currents, speed and dc link controller parameters which are designed and tested in 
MATLAB fits to the practical implementation values. This shows the assumptions   and the 
approximations of the control loops are very close to the real system. 
 
Both sinusoidal and space vector modulation is tested and compared. Space vector modulation 
of the two six phase converters has shown better dc link utilization but no superior advantages 
in terms of harmonic minimization.  
The harmonic in the dc link current shows little improvement. This may be because of the 
poor generator design. 
The disabling of one inverter is tested. And the system has shown good performance. This is a 
proof that the proposed configuration can improve the reliability of the system. The harmonic 
in the currents did not have considerable difference. This also shows that that concentrated 
winding generators has better fault tolerant capability. 
 
 
Further works: 
In this, project vector control strategy is achieved. In this short time it is not possible to 
investigate many detail characteristics.  Having this as a foundation, the following points can 
be listed out for further work 
o Implementation of actual drive trail and wind turbine model 
o Implementation of sensor less vector control technique  
o Investigating control strategy for fault tolerant operation  
o Comparison with other control strategies (direct torque control or direct power control)  
o Integrating with Grid and Comparing overall system performance  
o Analyzing grid side fault and fault ride thorough capability 
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Appendix 
A. Transformation Matrices 
 
Figure A‐ 1 phase, stationary and rotating reference frames 
Clarke Transformation-the voltage invariant park transformation Tଷ 
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B. Per Unit system 
In this work, all quantities except time and angle are scaled to a common system. The scaling 
factors are based on three quantities:  No load terminal voltageሺܧ௡ሻ, nominal stator current 
ሺܫ௡ሻ  and nominal stator frequency of the PMSG. 
Physical quantity Base quantity Per unit quantity 
Voltage ሺܸሻ ௕ܸ ൌ √2√3ܧ௡ ݒ ൌ
ܸ
௕ܸ
 
Current ሺܫሻ ܫ௕ ൌ √2ܫ௡ ݅ ൌ
I
ܫ௕ 
Resistance  ሺܴሻ , Reactance  ሺܺሻ , 
Inductance ሺܮሻ ܼ௕ ൌ
௕ܸ
ܫ௕  ݎ ൌ
ோ
௓್, ݔ ൌ
௑
௓್ , ݈ ൌ
௅
௓್ 
Frequency ሺ݂) ௕݂ ൌ ௡݂ ݊ ൌ ݂௕݂ 
Angular Speedሺ ߱௥ሻ ߱௕ ൌ 2ߨ ௕݂ ݊ ൌ
߱௥
߱௕ 
Mechanical Speedሺ ܰሻ ௕ܰ ൌ 60 ௡݂݌  ݊ ൌ
ܰ
௕ܰ
 
Power ሺ ܵ ݅݊ ܸܣሻ ܵ௕ ൌ 6 ௕ܸܫ௕ ݏ ൌ ܵܵ௕ 
Torque ሺ ܯሻ ܯ௕ ൌ Ρ2
ܵ௕
߱௕ ݉ ൌ
ܯ
ܯ௕ 
Flux Linkagesሺ ߣሻ ߣ௕ ൌ ௕ܸ߱௕ ߰ ൌ
ߣ
ߣ௕ 
 
Since the transformation used in this work is voltage invariant, the base system in the three 
phase system and two phase system ሺ ߙ, ߚሻ &ሺ ݀, ݍሻare same except the power. 
௕ܸଶ ൌ ௗܸଶ ൅ ௤ܸଶ 
ܫ௕ଶ ൌ ܫௗଶ ൅ ܫ௤ଶ 
 
The base value for the DC link voltage is taken to be two times the base value of the AC 
Voltage, ஽ܸ஼_௕ ൌ 2 ௕ܸ. 
    Appendix 
The base value for the DC link current can be derived from the power balance. 
ܲ ൌ ஽ܸ஼ܫ஽஼ ൌ 6ܸܫܿ݋ݏ߮ ൌ 232 ሺ ௗܸܫௗ ൅ ௤ܸܫ௤ሻ  
In the case of ܫௗ ൌ 0 control,  
 
ܲ ൌ ஽ܸ஼ܫ஽஼ ൌ 6ܸܫܿ݋ݏ߮ ൌ 232 ሺ ௤ܸܫ௤ሻ  
Then the DC link current base value becomes, 
ܫ஽஼_௕ ൌ 6 ௕ܸܫ௕ܿ݋ݏ߮௕஽ܸ஼_௕ ൌ 2
3
2ቆ
௤ܸ_௕ܫ௤_௕
஽ܸ஼_௕
ቇ ൌ 232 ൬
௕ܸܫ௕
2 ௕ܸ ൰ ൌ
3
2 ܫ௕ 
ܫ஽஼ଵ_௕ ൌ ܫ஽஼ଶ_௕ ൌ 34 ܫ௕ 
 
 
Generator Model in Per Unit system 
 
Six phase PMSG Model as two three phase PMSG using dual synchronous rotating frame  
 
ݒௗଵ ൌ ݎ௦݅ௗଵ ൅ ݈ௗ ݀݅ௗଵ݀ݐ  െ ݊ · ݔ௤ · ݅௤ଵ 
ݒ௤ଵ ൌ ݎ௦݅௤ଵ ൅ ݈௤  ௗ௜೜భௗ௧ ൅ ݊ · ݔௗ · ݅ௗଵ ൅ ݊ · ߰௠ 
(A1.8)
 
 
ݒௗଶ ൌ ݎ௦݅ௗଶ ൅ ݈ௗ  ݀݅ௗଶ݀ݐ െ ݊ · ݔ௤ · ݅௤ଶ 
ݒ௤ଶ ൌ ݎ௦݅௤ଶ ൅ ݈௤  
݀݅௤ଶ
݀ݐ ൅ ݊ · ݔௗ · ݅ௗଶ ൅ ݊ · ߰௠
(A1.9)
 
 
mୣ ൌ 12߰݉൫݅ݍ1 ൅ ݅ݍ2൯ 
Or 
(A1.10)
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 ߰௠ ൌ 1 - Since the base voltage is taken to be the back emf and the permanent magnet at it 
rated value and is not demagnetized. 
When the six-phase PMSG Model as using single synchronous rotating frame or vector space 
decomposition, ݈ௗ ௗ௜೏భௗ௧  
  
 
ݒௗ ൌ ݎ௦݅ௗ ൅ ݈ݏ ݀݅݀݀ݐ െ ݊ · ݔݏ · ݅ݍ 
ݒ௤ ൌ ݎ௦݅௤ ൅ ݈ݏ ݀݅ݍ݀ݐ ൅ ݊ · ݔݏ · ݅݀ + ݊ ·  ߰௠ 
 
ݒ௫ష ൌ ݎ௦݅௫ష ൅ ݈ݏ ݀௜ೣష݀ݐ െ ݊ · ݔݏ · ݅௬ష   
ݒ௬ష ൌ ݎ௦݅௬ష ൅ ݈ݏ ݀௜೤ష݀ݐ ൅ ݊ · ݔ௦ · ݅ݔെ 
 
ݒ௭ଵష ൌ ݎ௦݅௭ଵష ൅ ݈ݏ ݀݅௭ଵ
ష
݀ݐ െ ݊ · ݔݏ · ݅௭ଶష  
ݒ௭ଶష ൌ ݎ௦݅௭ଶష ൅ ݈ݏ ݀௜೥మష݀ݐ ൅ ݊ · ݔݏ · ݅௭ଵష   
(A1.11)
 
 
  mୣ ൌ ߰݉ · ݅ݍ ൌ ݅ݍ   (A1.12)
 
߰௠ ൌ 1 - Since the base voltage is taken to be the back emf and the permanent magnet at it 
rated value and not demagnetized. 
mୣ ൌ 12 ൫݅ݍ1 ൅ ݅ݍ2൯
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DC link Model in per unit 
 
The base system for the DC link are based on the base DC voltage and base DC current.  
Physical quantity Base quantity Per unit quantity 
DC link Voltage ሺ ௗܸ௖ሻ ஽ܸ஼್ ൌ 2 ௕ܸ ݒௗ௖ ൌ ௗܸ௖஽ܸ஼್
 
DC link Current ሺܫௗ௖ሻ ܫ஽஼್ ൌ
3
2 ܫ௕ ݅ௗ௖ ൌ
ܫௗ௖
ܫ஽஼್
 
Resistance ሺܴሻ, Capacitance ሺܥሻ,  ܼ஽஼್ ൌ ஽ܸ஼್ܫ஽஼್
 
ݎ ൌ ோ௓ವ಴್, ܿ ൌ
ଵ
ఠ್஼·௓ವ಴್
   
 
 
Using the above base, the dc link model becomes 
 
݅௖ ൌ ݅ௗ௖ െ ݅௅  
݅௖  ൌ ܿ ݀ݒௗ௖݀ݐ ,  
݅௅  ൌ ݒௗ௖ݎ  
(A1.13)
For ܫௗ ൌ 0 control, the power balance equation,  
 
  ݅ௗ௖ ൌ ௩೜௩೏೎ ݅௤    (A1.14)
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C. Modulation 
Vector  space  decomposition, 
active and zero vector selection   
Sector 1: 45, 41, 9, 11  63 
  z  y  x  c  b  a 
T଴  1  1  1  1  1  1 
Tଵ  1  0  1  1  0  1 
Tଶ  1  0  1  0  0  1 
Tଷ  0  0  1  0  0  1 
Tସ  0  0  1  0  1  1 
 
Sector 2: 41, 9, 11, 27    56 
  z  y  x  c  b  a 
T଴  1  1  1  0  0  0 
Tଵ  1  0  1  0  0  1 
Tଶ  0  0  1  0  0  1 
Tଷ  0  0  1  0  1  1 
Tସ  0  1  1  0  1  1 
 
Sector 3: 9, 11, 27, 26    0 
  z  y  x  c  b  a 
T଴  0  0  0  0  0  0 
Tଵ  0  0  1  0  0  1 
Tଶ  0  0  1  0  1  1 
Tଷ  0  1  1  0  1  1 
Tସ  0  1  1  0  1  0 
 
Sector 4: 11, 27, 26, 18    07 
  z  y  x  c  b  a 
T଴  0  0  0  1  1  1 
Tଵ  0  0  1  0  1  1 
Tଶ  0  1  1  0  1  1 
Tଷ  0  1  1  0  1  0 
Tସ  0  1  0  0  1  0 
 
 
 
 
Sector 5: 27, 26, 18, 22    63 
  z  y  x  C  b  a 
T଴ 1  1  1  1  1  1 
Tଵ 0  1  1  0  1  1 
Tଶ 0  1  1  0  1  0 
Tଷ 0  1  0  0  1  0 
Tସ 0  1  0  1  1  0 
  
Sector 6: 26, 18, 22, 54    56 
  z  y  x  c  b  a 
T଴ 1  1  1  0  0  0 
Tଵ 0  1  1  0  1  0 
Tଶ 0  1  0  0  1  0 
Tଷ 0  1  0  1  1  0 
Tସ 1  1  0  1  1  0 
 
Sector 7: 18, 22, 54, 52    0 
  z  y  x  c  b  a 
T଴ 0  0  0  0  0  0 
Tଵ 0  1  0  0  1  0 
Tଶ 0  1  0  1  1  0 
Tଷ 1  1  0  1  1  0 
Tସ 1  1  0  1  0  0 
 
Sector 8: 22, 54, 52, 36    07 
  z  y  x  c  b  a 
T଴ 0  0  0  1  1  1 
Tଵ 0  1  0  1  1  0 
Tଶ 1  1  0  1  1  0 
Tଷ 1  1  0  1  0  0 
Tସ 1  0  0  1  0  0 
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Sector 9: 54, 52, 36, 37    63 
  z  y  x  c  b  a 
T଴  1  1  1  1  1  1 
Tଵ  1  1  0  1  1  0 
Tଶ  1  1  0  1  0  0 
Tଷ  1  0  0  1  0  0 
Tସ  1  0  0  1  0  1 
 
Sector 10: 52, 36, 37, 45  56 
  z  y  x  c  b  a 
T଴  1  1  1  0  0  0 
Tଵ  1  1  0  1  0  0 
Tଶ  1  0  0  1  0  0 
Tଷ  1  0  0  1  0  1 
Tସ  1  0  1  1  0  1 
 
Sector 11: 36, 37, 45, 41  56 
  z  y  x  c  b  a 
T଴ 0  0  0  0  0  0 
Tଵ 1  0  0  1  0  0 
Tଶ 1  0  0  1  0  1 
Tଷ 1  0  1  1  0  1 
Tସ 1  0  1  0  0  1 
 
Sector 12: 37, 45, 41, 9    07 
  z  y  x  c  b  a 
T଴ 0  0  0  1  1  1 
Tଵ 1  0  0  1  0  1 
Tଶ 1  0  1  1  0  1 
Tଷ 1  0  1  0  0  1 
Tସ 0  0  1  0  0  1 
 
D. Motor Mode Operation of 6 Phase PMSG 
 
Stator current transients at step change of torque (of magnitude 0.5 up or from 0 to 12 Nm) 
 
Figure A 1 Step Torque Response and Transient Currents in phase a(probe3), and phase x(probe2) 
 
Changing from speed control mode to speed control mode transients 
Initially the motor 0.2 pu control mode in torque mode, then control is changed to speed 
control mode with speed set value of 0.4 pu;  
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Figure A 1 Stator Current Transients to a  change from torrque control to speed control mode 
 
Constant speed variable load operation 
The first excition is change from zero to half, and second the excitation is changed from zero 
to full and to half then to zero at constant speed of 0.5 pu operation of the drive 
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Figure A 2 encoder speed and torque (red)‐at constant speed and variable exitaiton operation 
 
 
Disabling one inverter in Torque control Mode 
First the Motor is operating in torque control mode, torque of 0.5 pu and speed of 0.59 pu 
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Figure A 3 Transients in speed and Torque when inverter 1 is disabled 
 
Disabling one inverter in speed control mode 
Initially the PM machine was running at reference 0.3 pu speed and load torque of 0.27 
pu(7NM) torque, then inverter 1 is disable and enabled 
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Figure A 4 Disabling of inverter 1 while drive is in speed control mode 
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E. Generator Mode operation of 6 Phase PMSG 
 
 
 
 
 
 
 
 
 
 
 
 
F. Mathlab Codes  
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Matlab code for current open loop 
 
Ts=0.0002;% Sampling Time 
 
Ti=0.008235; 
Tv=0.0001; 
Tf=0.001; 
Kpp=3.4313; 
Tprod=Tv*Tv*Ti*Ti*Tf; 
num=Kpp*Ti/Tprod*[1 1/Ti]; 
denum=poly([-1/Tv -1/Tv -1/Tf -1/Ti 0]); 
bd=tf(num, denum); 
figure(1) 
bode(bd) 
num2=[3.4313/(Ti*(Tf+2*Tv))]; 
denum2=poly([0 -1/(Tf+2*Tv)]); 
bd2=tf(num2, denum2); 
figure(2) 
%bode(bd2) 
  
gd = c2d(bd2, Ts) 
bode(bd2,'r',gd,'b--') 
 
 
Matlab code for Speed open loop 
 
 
Jeq=0.005; 
Tiw=0.01877; 
Tieq=0.0024; 
Td=0.00002; 
Twsum=0.004694; 
Tf=0.00227; 
Kpw=0.5; 
Ts=0.0002; % sampling Time 
Tprod=Tiw*Tieq*Tf*Jeq*Td; 
num=Kpw*Tiw/Tprod*[1 1/Tiw]; 
denum=poly([-1/Td -1/Tieq -1/Tf 0 0]); 
bd=tf(num, denum); 
figure(1) 
bode(bd) 
num2=Kpw*Tiw/(Ti*Twsum*Jeq)*[1 1/Tiw]; 
denum2=poly([0  0 -1/(Twsum)]); 
bd2=tf(num2, denum2); 
figure(2) 
%bode(bd2) 
  
gd = c2d(bd2,0.0002) 
bode(bd2,'r',gd,'b--') 
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Matlab code for voltage control loop 
 
Kpv=0.7; 
c=0.0033;%3300uF 
Tiv=0.00976; 
Tieq=0.0024; 
Tdv=0.00002; 
Tvsum=0.00244; 
Tfv=0.00002; 
  
Tprod=Tiv*Tieq*Tfv*c*Tdv; 
num=Kpv*Tiv/Tprod*[1 1/Tiv]; 
denum=poly([-1/Tdv -1/Tieq -1/Tfv 0 0]); 
bd=tf(num, denum); 
figure(1) 
bode(bd) 
num2=Kpv*Tiv/(Tiv*Tvsum*c)*[1 1/Tiv]; 
denum2=poly([0  0 -1/(Tvsum)]); 
bd2=tf(num2, denum2); 
figure(2) 
%bode(bd2) 
  
gd = c2d(bd2,0.0002) 
bode(bd2,'r',gd,'b--') 
clspd=tf(num2,[1])/(tf(num2,[1])+tf(denum2,[1])) 
figure(3) 
step(clspd,0.1) 
figure(4) 
bode(clspd,c2d(clspd,0.0002)) 
 
C++ code SVPWM 
 
void SVM_Modulation3p(float va_ref,float vb_ref) 
    { 
    vdc_invTime=0.5/(PUVoltages.U_dc_1);//*INVERTER_PARM.Tsw--- Normalized 
here 
   // float va_ref,vb_ref; 
    float X,Y,Z; 
    float va,vb,vc; 
 
    X=vb_ref;// X=abs(vbref) 
    Y=0.5*(vb_ref + SQRT3*va_ref); 
    Z=0.5*(vb_ref - SQRT3*va_ref); 
     //Modified inverse park transformation 
     va=vb_ref; 
     vb=0.5*(SQRT3*va_ref - vb_ref); 
     vc=0.5*(-SQRT3*va_ref - vb_ref); 
     //------------------------------------------ 
     int A, B, C; 
         if(va>0) A=1; else A=0; 
         if(vb>0) B=1; else B=0; 
         if(vc>0) C=1; else C=0; 
 
         float t1=0,t2=0; 
    Appendix 
         int sector; 
         int N=A+2*B+4*C; 
 
         switch (N) 
         { 
         case 3: // sector 1 
             t1=X; t2=-Z; sector=1;break; // interchange t1 and t2 here 
         case 1: // sector 2 
             t1=Y; t2=Z;sector=2;break; 
         case 5: // sector 3 
             t1=-Y; t2=X;sector=3;break;// interchange t1 and t2 here 
         case 4: // sector 4 
             t1=Z; t2=-X;sector=4;break; 
         case 6: // sector 5 
             t1=-Z; t2=-Y;sector=5;break;//interchange t1 and t2 here 
         case 2: // sector 6 
             t1=-X; t2=Y;sector=6;break; 
         default: 
             sector=0; 
         } 
     //------------------------- 
 
             float w0,w1,w2;// one time of each phase 
 
             w0=(float)(1.0-t1-t2)/2.0; 
             w1=w0+t1; 
             w2=w1+t2; 
         float ta_on=0,tb_on=0,tc_on=0; 
             // sector phase time calculation 
            // odd sector 
            switch(sector) 
             { 
            case 1: //100 110 
                ta_on=w2; tb_on=w1; tc_on=w0; break; 
            case 2:// 110 010 
                ta_on=w1; tb_on=w2; tc_on=w0; break; 
            case 3:// 010 011 
                ta_on=w0; tb_on=w2; tc_on=w1; break; 
            case 4:// 011 001 
                ta_on=w0; tb_on=w1; tc_on=w2; break; 
            case 5:// 001 101 
                ta_on=w1; tb_on=w0; tc_on=w2; break; 
            case 6:// 101 100 
                ta_on=w2; tb_on=w0; tc_on=w1; break; 
            default: 
         ta_on=0,tb_on=0,tc_on=0; 
 
 
             } 
       //-------------------------------- 
 
            DwellTime.a=SQRT3*vdc_invTime*(ta_on-0.5);//; 
            DwellTime.b=SQRT3*vdc_invTime*(tb_on-0.5);//* 
            DwellTime.c=SQRT3*vdc_invTime*(tc_on-0.5);// 
 
 
    } 
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Abstract—this paper presents the vector control of six phase 
permanent magnet synchronous generator which is directly 
connected to a six leg converter.   A mathematical model of the 
machine has been developed using the generalized two phase real 
component transformation. Dual synchronous d-q current 
control is employed so as to eliminate current imbalances. The six 
legs the converter are controlled to extract the maximum power 
from the wind turbine with reduced torque pulsation, reduced 
harmonics and minimum stator losses using vector space 
decomposition space vector modulation. Matlab® Simulink is 
used for simulation. 
 
 Index Terms— orthogonal subspace transformation, multi leg 
converter, six phase permanent magnet machines, space vector 
pulse width modulation, vector control, vector space 
decomposition. 
I.  INTRODUCTION 
ULTI Phase machines provides several advantages such 
as : reduction of amplitude of pulsating torque and 
increased pulsating frequency; reduction of current per 
phase for the same rated voltage;  lowering the dc-link current 
harmonics; reducing the  stator  copper  loss ; improving 
reliability and give additional degree of freedom[1]-[3]. 
Permanent magnet synchronous generators known to have 
higher power density, higher efficiency, more stable and 
secure during normal operation. Off shore wind energy system 
needs to be more reliable and lighter than on shore wind 
energy system. Therefore, Multiphase PMSGs have become 
attractive for large off shore wind farm. 
 
Multiphase machines drives, motors, has been used as in 
Electric Vehicles(EV), hybrid EV, aerospace, ship propulsion, 
and high-power applications in which the requirements are not 
cost oppressive when compared to the overall system[1]-[4]. 
Reference [2] gives thorough survey related to Multiphase 
drives in various subcategories, and including the application 
of Multiphase machines for electric generation.  
In [5] parallel connection of converters in modular way is 
investigated to allow the use of classical converters.  The 
application of multiphase PMSG for wind is also shown in [6] 
that the two three phase windings are controlled 
independently. 
In this paper the six-phase PMSG has two groups of three 
phase windings which are separated by 30 degrees. The 
arrangement of the six phases and definition of reference 
frames is shown in Fig.  1. 
 
 
 
Fig. 1   Six phase machine-arrangement of stator windings 
II.  SYSTEM DESCRIPTION 
The proposed wind energy conversion system along with 
the control scheme is shown in Fig. 2. It is assumed that the 
average DC link voltage is kept constant by the grid side 
converter which is modeled by constant dc ideal voltage 
source.  
  
Fig.  2.   System topology  
  
A.  Wind turbine 
The power extracted from wind by turbine is given by  
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wpt AvCP ρ=                                                                (1) 
Where ρ is the air density, A is the area swept out by the 
turbine blades, wv  is the wind velocity, and pC  is the power 
coefficient.  pC   is a function of the pitch angle β and of the 
tip speed ratio λ, shown in Fig.  3. Tip speed ratio is the ratio 
of turbine speed at the tip of a blade to wind velocity. 
wv
Rωλ =                                                                                (2) 
where R  is the turbine radius, and ω  is the turbine angular 
speed. 
 For a given wind turbine, the maximum power extracted 
can be tracked by adjusting the speed of the generator either 
using maximum power tracking or the optimal tip speed ratio.  
 
 
Fig.  3.   Power (performance) coefficient as function of λ and β [7]. 
 
B.  Six Phase PMSG Modeling 
By neglecting the magnetic saturation and core losses, and 
assuming a sinusoidal air gap flux, the voltage equations of 
generator in phase quantities are  
 
 ሾVୱሿ ൌ ሾRୱ ሿሾiୱሿ ൅ p · ሺሾLୱ ሿሾiୱ ሿሻ ൅ p · ሺሾλୱMሿሻ                    (2) 
 
ሾλୱMሿ ൌ λM ቂcosθ୰   cos ቀθ୰ − ଶ஠ଷ ቁ  cos ቀθ୰ ൅
ଶ஠
ଷ ቁ   cos ቀθ୰ −
π6  cosθr−5π6 cosθr−3π2T                                        (3) 
where the voltage and current are defines as 
Vୱ ൌ ሾVୟଵ  Vୠଵ  Vୡଵ  Vୟଶ  Vୠଶ  Vୡଶ ሿT       
 ݅௦ ൌ ሾ݅௔ଵ ݅௕ଵ  ݅௖ଵ  ݅௔ଶ  ݅௕ଶ  ݅௖ଶ ሿ்  ; 
 ߣெ is the permanent magnet flux linkage, ߠ௥ is the angle 
between magnetic axis of phase ‘a’ and rotating magnetic field 
, as shown in Fig.  1., and ݌ · ሺ ሻ ൌ ௗሺ ሻௗ௧ . 
The resistance term and the inductance terms of (2) are given 
by (4); for Surface Mounted PMSG the pulsatory components 
of the magnetizing inductance of stator windings are zero. 
Mutual leakage inductance is ignored and has little effect on 
torque pulsation and voltage harmonic distortion since the 
separation angle between the two sets of three phase windings 
is 30o, [8].  
 ሾܴ௦ሿ ൌ
ۏ
ێ
ێ
ێ
ێ
ۍݎ௦ 0 00 ݎ௦ 0
0 0 ݎ௦
    
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
    
ݎ௦ 0 0
0 ݎ௦ 0
0 0 ݎ௦ے
ۑ
ۑ
ۑ
ۑ
ې
                                           (4a) 
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ې
   ሺ4ܾሻ 
Where rୱ , L௟ and Lଵ are resistance, leakage reactance and 
magnetizing reactance of a stator winding respectively. 
Using generalized two phase real component 
transformation or vector space decomposition theory, the 
original six dimensional space representation of the machine is 
mapped to three orthogonal two dimensional subspaces, [16]. 
The power invariant transformation matrix is used to map 
phase quantities to orthogonal subspace quantities, which is 
 
[ ଺ܶ] = 
ଵ
√ଷ 
ۏ
ێێ
ێێ
ۍ1 cos 4θ cos 8θ0 sin 4θ sin 8θ
1 cos 8θ cos 4θ
cos θ cos 5θ cos 9θ
sin θ sin 5θ sin 9θ
cos 5θ cos θ cos 9θ
0 sin 8θ sin 4θ
1 1 1
0 0 0
sin 5θ sin θ  sin 9θ
0 0 0
1 1 1 ے
ۑۑ
ۑۑ
ې
  (5) 
 where  ߠ ൌ గ଺ 
Applying transformation [T଺] to (2) and (3), the vector 
space decomposition variable can be written as 
 
ሾV୴ୱୢሿ ൌ ሾRୱ ሿሾi୴ୱୢሿ ൅ ሾL୴ୱୢሿp · ሺሾi୴ୱୢ ሿሻ ൅ ω୰ሾλ୴ୱୢ]           (6)                   
 
  ሾλ୴ୱୢሿ ൌ √3λMω୰ሾ−sinθ୰  cosθ୰  0  0   0  0 ሿT                  (7) 
 
where ω୰ ൌ ௗ஘౨ ௗ௧  
ሾ ௩ܸ௦ௗሿ ൌ ൣ ఈܸ ఉܸ  ௫ܸ  ௬ܸ  ௭ܸଵ  ௭ܸଶ ൧் ሾ ݅௩௦ௗሿ ൌ ൣ݅ఈ ݅ఉ  ݅௫ ݅ ௬ ݅௭ଵ  ݅௭ଶ ൧் 
And  
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0
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 0
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ې
                                            (8a) 
 
L஑ ൌ 3Lଵ ൅ L௟                                                                     (8b) 
 
As seen above the voltage and flux equations are as a 
function of rotor position. This can be eliminated by using 
 3
reference transformation, T୰.  
 T୰=  ൤cosθ୰ −sinθ୰sinθ୰ cosθ୰ ൨                                                        (9a) 
൤W஑Wஒ ൨ ൌ T୰ ൤
Wୢ
W୯൨                                                                   (9b) 
where W is dummy variable which can be voltage, current or 
flux. Therefore, the machine model in the synchronous 
rotating frame, applying rotational transformation T୰ on (6) 
and (7), become 
    1)  Machine model in (݀,ݍ) subspace 
 
ௗܸ ൌ ݎ௦݅ఈ ൅ L஑  ݌ · ሺ݅ௗሻ − ߱௥L஑  ݅௤                                    (10a)        
௤ܸ ൌ ݎ݅ఉ ൅ L஑ ݌ · ሺ݅௤ሻ ൅ ߱௥L஑  ݅ௗ ൅ ߱௥√3ߣெ                   (10b) 
 
    2)  Machine model in (ݔ, y) subspace 
 
൤ ௫ܸ
௬ܸ
൨ ൌ ൤ ݎ௦ ൅ ܮ௟ ݌ · ሺ ሻ ݎ௦ ൅   ܮ௟݌ · ሺ ሻ൨ ൤
݅௫
݅௬൨                                                 (11) 
 
    3)  Machine Model in (ݖଵ, ݖଶ) subspace 
 
൤ ௭ܸଵ
௭ܸଶ
൨ ൌ ൤ݎ௦ ൅ ܮ௟ ݌ · ሺ ሻ ݎ௦ ൅ ܮ௟݌ · ሺ ሻ൨ ൤
݅௭ଵ
݅௭ଶ൨                                               (12) 
 
As seen from (11) and (12), the current components in (ݔ, 
y) and (z1, z2) are limited to stator resistor and stator leakage 
inductance. These currents do not contribute to 
electromechanical energy conversion but losses. Thereby the 
electromechanical energy conversion variables are mapped in 
the only (݀,ݍ) subspace. This makes the modeling of the 
machine and torque calculation simpler. The electro-magnetic 
torque expression can be calculated from the air gap power. 
The air gap power is the part of input power which does not 
contribute to resistive loss or rate of change of stored energy 
in the inductances. 
 
Pୟ୥ ൌ Pୣ ୪ − P୪୭ୱୱ − P୰ୟ୲ୣC୦ୟ୬୥ୣS୲୭୰ୣୢMୟ୥୬ୣ୲୧ୡ 
Pୟ୥ ൌ ω୰ √3λMi୯                                                                 (13) 
 
And if there are P poles, the electrical torque Tୣ  is 
Tୣ ൌ P౗ౝனౣ ൌ  
P
ଶ √3λMi୯ ൌ K i୯                                               (14) 
 
C.  Six Leg Converter  
Using more legs means, power is shared by the many legs 
so that the current stress of each switch can be reduced 
compared with a three-phase converter. Besides six leg 
converters give more freedom to choose switching states 
which helps for optimal operation of the generator. Fig.  4, 
shows the generic scheme of six leg converter. 
 
 
Fig.  4.  Schematic of six leg converter 
 
Only one of the power switches of the same leg can operate 
in the “ON” state to avoid the short circuit of the DC-link. The 
switching function can be represented in terms of the upper 
switch of each leg as 1 1 1 2 2 2( , , , , , )a b c a b cf S S S S S S .  
Applying the transformation matrix [ ଺ܶ] on the phase voltages 
of the converter, the converter voltages with respect to the 
stationary reference frame given by  
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The converter and the machine are connected without 
neutral line and is taken in account, [9]. The switching 
voltages (zଵ, zଶ) subspace is zero since the neutral points are 
isolated. The vector space diagram converter of the converter 
voltages on (α,β) and (ݔ, y) subspace are shown in Fig.  5.  
and Fig.  6. 
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Fig.  5.   Converter voltage on ሺα,β) subspace; 0, 7, 56, 63 are zero states 
 
Fig.  6.   Converter voltage on (x, y) subspace; 0, 7, 56, 63 zero states 
 
D.  Space Vector PWM  
The vector space decomposition technique is of priority. As 
shown in Fig. 5 and Fig.  6, the largest voltages (outer most) 
on ሺα,β) become smallest (inner most) voltages on (ݔ, y) 
subspace. The medium voltages have the same magnitude on 
bothሺα,β) and (ݔ, y) subspaces. Hence, the largest voltages are 
chosen as active voltage thereby the switching control is 
simplified to 12 sectors. To minimize losses in the (ݔ, y) 
subspaces four active vector and one zero vector are chosen to 
build the space vector inሺα,β) subspace. The red vectors in 
Fig. 5 and Fig. 6 shows the four active voltages when the 
resultant vector lies on the first sector (− ஠ଵଶ ,
஠
ଵଶ).  
Imposing on the converter that average zero volt-seconds of 
the switching vectors on (x, y) subspace and at same time 
equaling the average volt-seconds of switching vectors 
on ሺα,β) to that of the reference voltages at the output of the 
inner current controller,  further reduction in losses can be 
achieved. The time duration of the four active vectors and one 
zero vector is calculated this way, [9]. 
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Where, V୩୧ is the projection of the ith voltage on the k-plane 
and T୧  is the dwelling time of the vector V୩୧ over a sampling 
period Tୱ.  
The switching sequence of the gate signals are generated 
according to the dwelling time of the five vectors. Zero vector 
has to be selected carefully so that only one of the leg change 
state not more than two in a sampling period.  
E.  Vector Control  
Vector control decouples field flux and armature flux so 
that they can be controlled separately to control torque or 
current and power or speed independently. The current control 
forms an inner loop while seep control forms the outer control 
for the case considered. The vector control is applied in the 
synchronous rotating frame so as to use simple PI regulators 
will result in zero steady-state error since the steady-state 
currents are dc currents 
The vector space decomposition approach of vector control 
has been used to control dual three phase induction machines 
[9]-[13].  Though using single current controller makes the 
design easier and need less number of PI regulators, it can not 
observe the current imbalance. Therefore, to do away with this 
problem, dual current controller is preferred. The control 
schematics of the proposed system is shown in Fig. 7 
 
 
 
Fig. 7.   Control  Schematics, with dual synchronous current control 
 
To design dual current control for each three phase group, 
the generator voltage equations are derived with respect to 
synchronous rotating reference frames (݀1, ݍ1 ) and (݀2, ݍ2) 
see Fig.1. 
 
ௗܸଵ ൌ ݎ௦݅ௗଵ ൅ ܮௗ ݌ · ݅ௗଵ ൅ ܯௗ݌ · ݅ௗଶ − ߱௥ܮ௤݅௤ଵ − ߱௥ܯ௤݅௤ଶ   
௤ܸଵ ൌ ݎ௦݅௤ଵ ൅ ܮ௤ ݌ · ݅௤ଵ ൅ ܯ௤݌ · ݅௤ଶ ൅ ߱௥ܮௗ݅ௗଵ ൅ ߱௥ܯௗ݅ௗଵ ൅
߱௥ටଷଶ ߣெ                             (16a) 
ௗܸଶ ൌ ݎ௦݅ௗଶ ൅ ܮௗ ݌ · ݅ௗଶ ൅ ܯௗ݌ · ݅ௗଵ − ߱௥ܮ௤݅௤ଶ − ߱௥ܯ௤݅௤ଵ    
௤ܸଶ ൌ ݎ௦݅௤ଶ ൅ ܮ௤ ݌ · ݅௤ଶ ൅ ܯ௤݌ · ݅௤ଵ ൅ ߱௥ܮௗ݅ௗଶ ൅ ߱௥ܯௗ݅ௗଵ ൅
߱௥ටଷଶ ߣெ                                                                            (16b) 
 
There is strong coupling between the voltage equations. 
Since the d and q axis currents are constant at steady state, the 
current control can be simplified and also control structures is 
identical for d1 and d2 axes as well as q1 and q2 axes. 
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Fig.  8.  Block diagram of the current controllers 
 
By introducing feed forward compensation and assuming 
fast switching, the inner current controllers can be considered 
as separate closed loops (decoupled current loop), in which 
linear control theory can be applied. The Modulus optimum 
criterion is used to find the PI controller the current control 
loop. The detailed analysis of synchronous frame decoupled 
current control can be found in many literatures, [14]-[15].  
So, it is not repeated here. 
 
The outer controller, show in Fig. 7, is speed control. The 
reference speed is assumed to come from maximum point 
power tracking. The Symmetric Optimum criterion is 
employed to find the parameters of the PI controller. The 
permanent magnet flux linkage is at rated value and there is no 
need to use field weakening; the d axis current reference is 
kept zero which helps to fully utilize the stator current for 
torque or power extraction from the turbine.  
III.  RESULTS  
 
Independent control of torque and speed is obtained. The 
average DC link voltage is kept constant as if grid side 
converter were connected. 
 
The  response of the generator-converter is tested first 
keeping  the torque constant at -16 Nm and the reference 
speed is changed from 100 rad/s to 50 rad/s at 0.4 sec and then 
to 100 rad/is at  0.68 sec.. 
 
(a) Generator rotor speed 
 
 
 
(b) Generator Stator Currents. 
 
(c) d and q axis stator currents of phases ( a1,b1,c1). 
 
(d) d and q axis stator currents of phases( a2,b2,c2) 
 
Fig. 9. Responses of vector controlled six phase PMSG- vector space 
decomposition SVPWM of six leg converter to  speed change. 
 
Similarly, the system performance is tested for torque change 
of torque from -16Nm to -10 Nm at 0.6 sec and again to -10 
Nm at 0.96 sec as shown below.  
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(a) Electrical Torque 
 
 
(b) Generator phase voltage/converter output 
 
(c) Generator phase currents 
IV.  CONCLUSION  
The use of vector space decomposition or generalized two 
phase real component transformation makes the modeling of 
six phase machines easier and also equivalent to that of three 
phase machines. 
The dual synchronous current controller maintains the 
current in the two groups of three phase systems equal if there 
is current difference between them.  
Having six leg converter increases the controllability of the 
converter using vector space decomposition SVPWM which 
results in reduced losses and ripple in the stator and Dc link 
current.  
 
 
 
 
(d) Stator currents of phases(a1,b1,c1) referred  to stationary axis 
ሺα1,β1)-  radii of the circles is proportional to torque 
 
(e) Rotor Speed 
Fig. 10.  Responses of vector controlled six phase PMSG- vector space 
decomposition SVPWM of six leg converter to torque change. 
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